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proximus hesperias titan abiturus in undas
gemmea purpureis cum iuga demet equis,
illa nocte aliquis, tollens ad sidera voltum,
dicet “ubi est hodie quae lyra fulsit heri?”
the next titan, about to fall beneath the western waves,
removes the jewelled yoke from his brilliant steeds —
that night, anyone turning their eyes to the stars
will say, “where is it today, the lyre that glimmered yesterday?”
– Ovid, Fasti II
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Chapter 1
Introduction
The Kepler space telescope observed one area of the sky for four years, resulting in an exceptional
and rapid increase in both the scope and finesse of our understanding of variable stars. The nominal
Kepler mission ended in 2013, and the final release of processed data products was in 2016, but work
has continued. Throughout this thesis, I examine methods of analysing stellar variability in Kepler
data, including looking at different populations of variable Kepler targets, examining pixel data in
great detail, and performing my own photometry to search for variable stars. A common thread
between these projects is a focus on stars in crowded fields, whether searching for contaminated
signals or performing photometry.
In this chapter I will introduce the concepts explored throughout my doctoral studies. I will
begin with an introduction to the different types of variable stars featured in this thesis, followed by
an overview of the history and current state of space-based telescopes, with a focus on those that
observe stellar variability.
1.1 Analysing variable stars
Variable objects can be divided into two main classes: intrinsic and extrinsic. Figure 1.1 shows
the great diversity of variability seen in astronomical objects. In this study, we focus on variable
stars. Intrinsic variability in stars is due to physical processes causing changes within the object
itself, such as pulsation or eruption; extrinsic variables experience changes in brightness caused by
motion events at the stellar surface and beyond, such as the transit of another astronomical body,
or the rotation of the star. Of the intrinsic variables, we focus on pulsating stars, in particular red
giants (Section 1.2.1) and the so-called classical pulsators (Section 1.3). The extrinsic variables we
study are rotating stars (Section 1.4) and binary star systems (Section 1.5); we also briefly look at
exoplanet host stars (Section 3.1).
For sufficiently long time series data of variable stars, we are able to observe periodicity, and
with the Fourier transform of a time series we are able to observe this star in frequency space. The
essence of the Fourier transform is fitting sinusoids to time series data at a range of frequencies.
1
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Figure 1.1: A flowchart showing the different types of variable star. In this study we focus on binary
stars, rotating stars, and pulsating stars. Figure from Eyer et al. (2019).
From the amplitudes of these sinusoids, we can construct a spectrum of frequencies that reflects
the relative amplitudes of oscillation observed in the time series. Theses are commonly known as
power spectra, when presented with power spectral density as the y axis — common units used are
ppm2/µHz. The frequency spectra presented in this study will be amplitude spectra, where instead
the y axis is a direct measure of amplitude variation in the signal, with the amplitudes measured
in ppm. When constructing a frequency spectrum, we need to consider the sampling frequency νs,
which is the inverse of the cadence, or sampling period, of observations. A frequency spectrum can
then be computed up to the Nyquist frequency, defined as 12νs. Any signal present in the data
with frequency higher than the Nyquist frequency will result in aliasing; restricting our search to
signals below the Nyquist frequency helps ensure that our data are not subject to this confusion. For
Kepler long cadence data, the Nyquist frequency is 283.45µHz. In this study, we primarily utilise a
fast method of computing a frequency spectrum, known as the Lomb-Scargle periodogram (Lomb,
1976, Scargle, 1982, Press & Rybicki, 2010), as implemented by Astropy (Robitaille et al., 2013,
Price-Whelan et al., 2018).
There are many ways that the frequencies of variability can be used to aid our understanding of
stellar observations. One of our focuses in the following sections is asteroseismology, the study of
intrinsic stellar oscillation. This intrinsic variability manifests as changes in stellar brightness, due
to temperature fluctuations from pulsation. The primary restoring forces involved in mechanisms of
stellar pulsation are pressure and buoyancy, resulting in oscillations respectively known as p modes
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Figure 1.2: A power spectrum showing oscillations in the Sun, calculated from radial velocity mea-
surements obtained by SONG, with spectral window inset. Image adapted from Andersen et al.
(2019).
and g modes (where the g stands for gravity.) In general, g modes are sensitive to the conditions at
the core of the star, whereas p modes are propagated mostly in the envelope. All of these modes are
described by spherical harmonics, using the quantum numbers l for angular degree, m for azimuthal
order, and n for radial order of modes. Depending on the inclination of the star being observed, we
can observe modes split by rotation with different m values. For a recent review of these topics, see
Basu & Chaplin (2017) and Di Mauro (2017).
In coming sections I will present an overview of some of the intrinsic stellar variables that are
relevant to this work, and introduce examples of stellar oscillations. I will also cover binary stellar
systems in Section 1.5, which are a form of extrinsic stellar variation that can nevertheless be detected
and characterised by the same methods.
1.2 Solar-like oscillators
The field of asteroseismology followed in the footsteps of helioseismology, after the first detection of
oscillations in the Sun (Leighton et al., 1962). Oscillations in the Sun are excited by convection just
beneath the surface, and display a typical comb-like pattern in frequency space. Figure 1.2 shows a
power spectrum for the Sun, from data collected by the SONG telescope in Tenerife (Andersen et al.,
2019). We refer to stars with modes of oscillation excited by the same mechanism, and which exhibit
this familiar comb-like distribution of frequencies, as solar-like oscillators. The oscillations present
in these stars are p modes. However, we can indirectly observe g modes in solar-like oscillators
by looking at mixed l = 1 modes, the product of a g mode coupling to a p mode and becoming
detectable at the surface. In Figure 1.3, which shows a close-up of solar-like oscillations in another
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Figure 1.3: Close-up of solar-like oscillations detected in a main sequence star, KIC 3656479, with l
orders labelled. Figure adapted from Hekker (2013).
main sequence star, it is evident that the oscillatory modes of ascending radial order n are grouped
by their l values, with l = 0 and l = 2 clustered together, and l = 1 modes in between them. It is
easier to observe higher order modes in solar-like oscillators using radial velocities than photometry,
but in general we are unlikely to observe these modes due to cancellation effects.
Using the power spectrum in Figure 1.3 as an example, we can introduce the basic parameters
used to characterise a solar-like oscillator. We define ∆ν, the large separation, as the interval between
modes of the same l value; this is usually worked out from l = 0. We also define the small separation,
δν, as the interval between any two adjacent modes of different l, usually chosen for 0–2, as in δν02.
The most important for our purposes is νmax, defined as the peak frequency of the envelope of the
solar-like oscillation pattern, or the middle of the comb. We may observe variations in amplitude
due to stochastic effects, such as differing mode lifetimes, and as such νmax is usually determined by
fitting a model envelope. These values can be predicted using fundamental stellar parameters, with
the scaling relations introduced by Brown et al. (1991) and Kjeldsen & Bedding (1995). Similarly,
seismic parameters obtained from observational studies can be used to obtain accurate stellar masses
and ages. There have since been many studies that aim to revise the scaling relations and test their
accuracy, thus exploring their utility in studies of stellar evolution (Huber et al., 2011, White et al.,
2011, Corsaro et al., 2013, Mosser et al., 2013, Kallinger et al., 2018). Results from the scaling
relations have been combined with interferometry to provide even more accurate stellar parameters
(Huber et al., 2012).
We can also use νmax and ∆ν to determine the evolutionary stage of a given solar-like star. First
we must briefly consider the evolution of a star that enters the main sequence at 1–3M: such a
star will spend several billion years on the main sequence, depending on its mass, where it undergoes
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Figure 1.4: A red giant power spectrum, showing the comb pattern of solar-like oscillations. The
star featured in this example is KIC 9145955. Figure from Hekker & Christensen-Dalsgaard (2017).
hydrogen fusion in its core and surrounding shells. When the star develops a helium core and is
fusing hydrogen in shells surrounding the core, it enters the subgiant phase, and when its outer
shells begin a process of expansion it becomes a red giant. A νmax around 1,000 µHz suggests a
main sequence star cooler than 6000 K, such as the Sun; νmax then decreases as stars evolve along the
main sequence, through the subgiant and red giant phases. ∆ν decreases as well, given that it scales
according to stellar density (Stello et al., 2009), but it is not proportional to νmax. The departures
from perfect proportionality between νmax and ∆ν are the driving force behind the scaling relations.
For a review of how space-based stellar photometry has improved our understanding of solar-like
oscillators, see Hekker & Christensen-Dalsgaard (2017).
1.2.1 Red giants
Red giants are evolved stars, with temperatures around 4000–5000 K, or spectral types K and M.
They have left the main sequence phase, and as mentioned still exhibit solar-like oscillations. For
red giants, νmax is under 300 µHz. This puts them precisely in the range that can be easily studied
with Kepler long cadence data, which has a Nyquist frequency of 283.45 µHz. Indeed, Kepler has
yielded a large observational sample of oscillating red giants (Yu et al., 2018). Kepler ’s four-year
time series data has led to a level of precision that was not previously possible using ground-based
observations, with Hekker et al. (2012) showing that longer light curves significantly increase the
precision of visible oscillation frequencies. There have also been efforts to find Kepler targets at the
base of the red giant branch with long cadence data, using super-Nyquist asteroseismology to push
the frequency range higher (Chaplin et al., 2014, Yu et al., 2016).
Within the red giant phase itself, we consider the two main phases to be that where a star is
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burning hydrogen in shells but not helium in the core, and that where it is doing both. The first
group is termed the red giant branch, and the latter the red clump. Bedding et al. (2011) found that
the separation of red giant mixed l = 1 modes (period spacing, or ∆P ) can determine whether a star
is on the red giant branch or in the clump. The red clump, distinguished by the typical νmax value of
30 µHz, can be further sub-typed based on whether or not a star has undergone a helium flash; this
is a runaway process of rapid helium fusion in the core, triggered when the core is at critical mass.
The secondary red clump comprises of those stars which were too massive to undergo a helium flash.
Modelling has shown that red clump stars undergoing a helium flash in their core can be identified
seismically (Bildsten et al., 2012), which has recently been reinforced by observations (Deheuvels &
Belkacem, 2018). There have been alternate methods proposed for distinguishing RGB stars from
red clump stars without the presence of mixed modes (Christensen-Dalsgaard et al., 2014), and also
with the use of l = 2 modes (Kallinger et al., 2012, Deheuvels et al., 2017).
Another feature of solar-like oscillators is the presence of convective cells at the surface, which
leads to a granulation signal that can be observed in power spectra. This has been observed exten-
sively in Kepler data for red giants, and thoroughly modelled to derive stellar parameters (Mathur
et al., 2011, Kallinger et al., 2014). With the wide range of red giants observed by Kepler , studies
have tracked the way these parameters change over the course of a red giant’s lifetime (Stello et al.,
2014, Vrard et al., 2015), and shown that the spectral width of an oscillatory mode depends on the
star’s mass and temperature (Vrard et al., 2018).
With the detection of mixed modes in red giants, we are able to understand stellar interiors
more thoroughly (Mosser et al., 2012b, 2014, Benomar et al., 2014) and build up new theories to
describe rotating stellar cores (Ouazzani et al., 2013). Studies have detected the rotational splitting
of l = 1 mixed modes (Beck et al., 2011, Lagarde et al., 2016), and these detections have been used
to illuminate the fast-rotating cores of red giants (Beck et al., 2012). The internal rotation of red
giants can then be modelled, and compared to existing models of stellar evolution (Belkacem et al.,
2015a,b).
Another important red giant discovery from Kepler is the suppression of l = 1 dipole modes
(García et al., 2014), which has been shown to relate to magnetism in the core (Fuller et al., 2015,
Stello et al., 2016a). These suppressed modes also show the characteristics of mixed modes (Mosser
et al., 2017). This discovery of an asteroseismological indicator of core magnetic fields adds to our
picture of stellar interiors.
The large sample of red giants found with Kepler is ideal for Galactic archaeology, the study of
the Galaxy’s structure and composition. Red giants make up a large fraction of stars in the sky;
many of them are far away, but due to red giants being highly luminous they are relatively easy
to observe, leading to easy detection of features such as seismic activity and chemical composition.
This means we can use red giants as probes of various regions of the Galaxy, such as the disk and
the bulge. The Galactic archaeology view of Kepler has been extended to the ecliptic plane with K2
(Stello et al., 2015). The particular focus of these studies is the yield of accurate stellar parameters,
often determined through asteroseismology (Stello et al., 2013a, Epstein et al., 2014). The Kepler
sample has been combined with other surveys, such as the APOGEE spectroscopic survey, to refine
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models and provide more accurate stellar parameters (Ness et al., 2015, Martig et al., 2016, Lagarde
et al., 2017), seismic parameters (Khan et al., 2018), and rotational periods (Tayar et al., 2015).
In recent years, studies have shifted from individual red giants to the exploration of techniques
that can be used to automate their discovery and analysis in large volumes, as is needed for ensemble
analysis and Galactic archaeology. There have been studies of simulated red giants which give us
an idea of expected observations (Grosjean et al., 2014). There has also been an increase in the use
of machine learning techniques to automate the search for Kepler and TESS red giants in Fourier
space, such as the use of 2D neural networks on images of Kepler long cadence power spectra (Hon
et al., 2018, 2019). There are many automated searches for solar-like oscillations in general, such as
the coefficient of variation method, which involves the calculation of statistical features to determine
the presence of solar-like oscillations (Bell et al., 2019b), and the FliPer method, which calculates
the global level of power in a power spectrum (Bugnet et al., 2019). Bayesian methods have been
used for peak bagging, the automated detection of oscillation modes and amplitudes (Corsaro et al.,
2015), for determining seismic parameters (Datta et al., 2015, de Assis Peralta et al., 2018), and
for calculating the angles of inclination between line of sight observations of red giants and their
rotational axes (Kuszlewicz et al., 2019). The determination of rotational splitting in mixed modes
has also been automated (Gehan et al., 2018). Additionally, simulations and modelling have been
used to provide density and atmospheric parameters for red giants (Thygesen et al., 2012, Buldgen
et al., 2019).
There remain many open questions about the study of rotation in red giants; I will talk more
about rotation in Section 1.4. In Chapter 2, I will cover the study of an anomalous population of
red giants, and I will revisit red giants with rotational signals and red giants in binary systems in
Chapter 3. For recent reviews on the asteroseismic studies of red giants, see Hekker & Christensen-
Dalsgaard (2017) and Garcia & Stello (2018). For a review of red giants in Galactic archaeology,
see Hekker (2017).
1.3 Classical pulsators
The classical pulsators are a group of variable stars which include some of the best-known examples
of stellar variability. With reference to the H-R diagram in Figure 1.5, classical pulsators occupy
the diagonal strip delineated by parallel dotted lines, comprising the Cepheids, rapidly oscillating
chemically peculiar A stars (roAp), RR Lyrae stars, and δ Scuti and γ Doradus oscillators. This
region of the H-R diagram is known as the instability strip. Pulsation in this region is driven by
the presence of ionised Helium beneath the stellar surface. The instability strip for γ Doradus and
δ Scuti stars was initially defined by theory (Dupret et al., 2004, Xiong et al., 2016), and refined
empirically (Uytterhoeven et al., 2011, Murphy et al., 2019). A fraction of stars satisfying the
instability strip’s temperature and age conditions are expected to pulsate, though factors such as
chemical composition and tidally-suppressed oscillations due to binarity may cause stars in this
region not to pulsate (Murphy et al., 2015). In practice, there are some differences between the
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instability strips for different types of classical pulsators, but there has also been overlap observed
(Handler & Shobbrook, 2002). The oscillation patterns of classical pulsators are related to those
of solar-like oscillations and can still be characterised in terms of their seismic parameters, but
classical pulsations have less regularity, making their modes harder to identify and interpret. This
mode confusion is largely due to fast rotation causing modes to split along theirm degrees of freedom.
The two types of classical pulsator that appear in this study are δ Scuti and γ Doradus stars. In
the following subsections, I will briefly cover the key features of both classes, some science results, and
open questions. We will briefly consider these types of star in Chapter 2, revisit some more specific
examples in Chapter 3, and look at some examples of these stars in stellar clusters (Section 1.6) in
Chapter 5.
1.3.1 δ Scuti stars
The variability of δ Scuti, the prototype star for this class, has been well known since the early
20th century (Fath, 1935). Discoveries of other such variables led to early class definitions (Eggen,
1956, Baglin et al., 1973, Breger, 1979) which were later bolstered by asteroseismic observations
(Belmonte et al., 1993, Matthews, 2007). Rodríguez et al. (2000) released a catalogue of 636 known
δ Scuti variables, all of which they analysed in some detail (Rodríguez & Breger, 2001), and a recent
study by Murphy et al. (2019) presents 1,988 stars with high-precision luminosities from the second
Gaia data release (DR2). They appear to comprise a small population, when compared to solar-
like oscillators. However, δ Scuti stars are A and F type stars, with effective temperatures usually
between 6,000–10,000 K. This means that they are under-represented in the Kepler dataset due to
a selection bias against A type stars.
An example of δ Scuti oscillations is shown in Figure 1.6. δ Scuti stars are p mode oscillators, with
oscillation frequencies in the regime of 10–30 cd−1 (cycles per day), or approximately 115–350 µHz.
Throughout this work we use units of µHz for frequency, the convention for solar-like oscillators,
though in the introduction and in figures you may see cycles per day used as the frequency unit for
both δ Scuti and γ Doradus stars, as is conventional in studies of these stars.
δ Scuti stars in the Kepler field have been extensively analysed to understand their pulsation
mode properties (Balona & Dziembowski, 2011). One of the primary science goals involving δ Scuti
stars is the study of pulsating stars in binary systems. There are many known Kepler binary
systems with at least one pulsating δ Scuti component (Southworth et al., 2011, Hambleton et al.,
2013, Maceroni et al., 2014, Guo et al., 2016). δ Scuti stars are also ideal for finding binaries using
the pulsation timing method (Murphy et al., 2014), described in detail in Section 1.5, as they pulsate
in many stable modes, of high frequency and high signal-to-noise ratio.
We will show a few examples of δ Scuti stars that have contaminated the photometry of red giants
in Section 2.3, and we will explore some potential δ Scuti-red giant binaries in Section 3.3. Finally,
in Section 3.5, we will explore a class of δ Scuti star with more potential for mode identification.
We will report on the photometry of δ Scuti stars in stellar clusters in Section 5.2.4.
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Figure 1.5: A H-R diagram displaying stellar luminosity against effective temperature, showing
stellar evolution tracks with regions of intrinsically pulsating stars marked. The types of pulsating
stars we will consider in this study are solar-like (Section 1.2), δ Scuti (Section 1.3.1), and γ Doradus
(Section 1.3.2). Figure from https://www.aavso.org/vsots_rrlyr.
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Figure 1.6: The amplitude spectrum of a typical δ Scuti star, KIC 4641555, with the frequency units
given in cycles per day. Figure adapted from Bowman et al. (2016).
1.3.2 γ Doradus stars
γ Doradus stars are often seen as a low frequency counterpart to δ Scuti stars; they are g mode
pulsators in the frequency regime of 1–10 cd−1 (approximately 10–115 µHz), and are found in a
similar region of the instability strip to δ Scuti stars, usually at the lower end of the temperature
range. An example of γ Doradus oscillations is shown in Figure 1.7. Less commonly, some stars
have been found to pulsate in both the δ Scuti and γ Doradus regime, known as hybrids (Grigahcène
et al., 2010, Catanzaro et al., 2011, Sánchez Arias et al., 2017).
The γ Doradus class was defined only twenty years ago (Kaye et al., 1999), and their study is
a growing area in asteroseismology. They are g mode pulsators, and much work has been done
to understand their pulsation mechanisms (Guzik et al., 2000, Kurtz et al., 2015); they have also
been studied extensively in the Kepler field (Tkachenko et al., 2013). These g modes are useful
for determining the internal rotation profiles of stars at all points on the main sequence (Ouazzani
et al., 2017), and there is also evidence of Rossby modes in γ Doradus stars (Aerts et al., 2017, Li
et al., 2019). γ Doradus stars in binaries can help us understand the effect of binaries on pulsation
modes (Debosscher et al., 2013, Van Reeth et al., 2015). Keen et al. (2015) identified a binary with
two γ Doradus-δ Scuti hybrid components, which allows for a large-scale analysis of both g modes
and p modes.
We will show a few examples of γ Doradus stars that have contaminated the photometry of
red giants in Section 2.3, and report on the photometry of γ Doradus stars in stellar clusters in
Sections 5.1.4 and 5.2.4.
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Figure 1.7: The amplitude spectrum of a typical γ Doradus star, KIC 3127996, a star I studied
during my third year advanced physics research project in 2014. The frequency units are given in
cycles per day above the panel and µHz below. Note the small range of frequencies represented.
Figure adapted from Bedding et al. (2015).
1.4 Spots and rotation
It is sometimes possible to measure the internal rotation of stars through rotationally-split oscillation
modes of differentm, but we may also be able to discern a periodic signal of surface rotation alongside
(or independently of) stellar pulsations. Such a signal can arise due to the presence of a spot on the
star’s surface. As in the familiar case of sunspots, star spots are regions of altered magnetic activity.
Star spots can cover up to 40% (Lanza et al., 1993) of the star’s surface; as the star rotates and the
spot comes in and out of view, this will lead to a detectable change in brightness. This does not have
the characteristic dip shape of an exoplanet or binary companion transit, nor the sinusoidal nature
of an ellipsoidal variable (see Section 1.5), but rather exhibits irregular, quasiperiodic variation. An
example is shown in Figure 1.8. Also visible in this example is amplitude modulation, a common
effect of the presence of surface spots of changing size. Surface rotation can be detected in frequency
space as a single peak, often with harmonics, as in the bottom panel of Figure 1.8.
Rotational periods are important because they can tell us the age of a star: this analysis is known
as gyrochronology (Barnes, 2003). Stars grow in size as they evolve off the main sequence, from
which one can assume a reduction of surface rotation velocities, according to conservation of angular
momentum. In practice, it is found that these rotational periods are even longer than expected,
due to a loss of angular momentum via stellar winds, or “spin down.” This means that this process
of expansion and spin down is correlated with age; gyrochronology is a natural result. For large
populations of stars, gyrochronology can be used to confirm our understanding of stellar evolution, by
comparing stellar age to other properties, such as mass and effective temperature. Gyrochronology
has been shown to work very precisely for main sequence stars (Epstein & Pinsonneault, 2014). There
are some uncertainties in the method; Reinhold & Gizon (2015) found a bimodal age distribution
in rotational periods, which they suggest may be related to magnetic activity. We are motivated by
the need for more benchmark stars for comparison in gyrochronology. Gyrochronology is reliant on
comparison to stars with known ages, and there are fewer such stars that are more evolved than the
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Figure 1.8: Top panel: the light curve of a spotted Kepler star, KIC 1163579, with visible amplitude
modulation. Middle panel: a close-up segment of this light curve to illustrate the way the changing
nature of star spots manifests as time series variability. Bottom panel: the above signal detected in
a periodogram. Figure from Reinhold & Gizon (2015).
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Sun, limiting the effectiveness of gyrochronology (van Saders et al., 2016).
The large sample of stars observed by Kepler makes it an ideal arena for ensemble studies to
test theories of stellar rotation, e.g. Reinhold et al. (2013), McQuillan et al. (2014). The latter used
autocorrelation to identify periodic variation indicating rotation, measuring rotation periods for
over 34,000 Kepler stars. Ceillier et al. (2017) examined a large sample of red giants and measured
surface rotation periods for 361 Kepler red giants. These rotation periods are not consistent with
conservation of angular momentum, thus challenging our understanding of spin down processes in
evolved stars. We observe rapid rotation in a small fraction of red giants; it is suggested that this
spin up is potentially the result of mergers between red giants and a binary companion (Tayar et al.,
2015). There is likely also a relationship between spin up and weaker than usual magnetic effects
(van Saders et al., 2016). The link between spots and magnetism is well-known: additionally, there
is a connection between stars where we can detect surface rotation due to spots and flaring stars. In
general, rapidly rotating stars with more spots are seen to have more energetic flares (Notsu et al.,
2013).
Stellar spots can also be useful in exoplanet studies. The observation of rotational modulation
due to spots, when considered alongside transit measurements, can reveal information about the
planet’s orbital inclination relative to the star’s inclination, which has implications for stellar spin-
planetary orbit alignment (Nutzman et al., 2011). Similarly, spots have been found on the surface
of stars in binary systems (Oláh et al., 2018), which can give us the stellar parameters of the stars
involved, and thus an insight into binary evolution. We will cover binary systems in more detail in
Section 1.5.
Though we have focused on surface rotation, the picture of stellar rotation is not complete without
studies of core rotation rate. In slow rotating solar-like oscillators, where rotational splitting is not so
large that rotational multiplets overlap, the core rotation rate can be determined asteroseismically.
This is done using the rotational splitting of l = 1 mixed modes, which are a probe of the propagation
of g modes in the stellar core of subgiants and red giants (Goupil et al., 2013). For more information
on these seismic parameters, see Section 1.1. In an effort to put limits on the angular momentum
transport process, Deheuvels et al. (2014) show that stellar cores spin up during the subgiant phase,
as the result of angular momentum redistribution that occurs in a short period of time at the very
end of the main sequence (Deheuvels et al., 2015). One consequence of this is that the surface
rotation rate cannot be faster than the core rotation rate.
We will discuss rotating stars in open clusters and their use in ensemble gyrochronology studies in
Section 1.6, and we will look at some results for the Kepler open clusters NGC 6791 and NGC 6819
in Sections 5.1.1 and 5.2.1.
1.5 Binary and multiple stellar systems
Throughout this thesis, we will consider binary and multiple stellar systems in several different
contexts. In a binary system, two stars orbit a common centre of gravity. We are mostly concerned
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with the detection of binaries in Kepler data. We do so using similar methods to those that have
been used to search for exoplanets. When a binary is sufficiently close and has a period observable
within the timespan of the data collected, we look for fluctuations in brightness that suggest one
star moving behind the other, known as eclipses. These often look similar to the steep transits of
exoplanets in time series data — and indeed, eclipsing binaries account for the majority of false
positive Kepler exoplanets (Bryson et al., 2013) — but typically the changes in brightness will be
greater, due to the fact that stars are much larger than planets. Additionally, binary eclipses can
be distinguished from planet transits by the observation of a deep secondary eclipse, resulting from
overall dimming when the smaller star passes behind the larger star. This is not generally seen
in planetary transits because the flux contribution of the planet is negligible compared to its host
star. This is due to the fact that planets are not self-luminous, meaning that planetary flux is solely
reflected light from the host star.
Detection of eclipsing binary systems is contingent on their separation: wide binaries may not
be detected in time series data, because their eclipses may have longer periods than the length
of time series data available. We could confirm such a system by looking at proper motions, or
with radial velocity measurements and spectroscopy. We may not always detect eclipses in a binary
system, because the depth — and indeed, presence — of an eclipse differs depending on the system’s
inclination, and on the radii of the stars involved. Fortunately, when working with time series data,
eclipses are not the only method of binary detection. Another type of binary we observe is an
ellipsoidal variable, so-called because their light curves appear to show quasi-sinusoidal variation.
This is due to the two stars in the pair being so close that they are subject to tidal distortions,
leading to changes in brightness over their orbital period. Additionally, binary systems in which
one or more components are oscillating can be detected by observing changes in the arrival times
of oscillation modes, a method known as “pulsation timing.” This has been performed extensively
on Kepler data (Murphy et al., 2014, Compton et al., 2016), including in searches for triple systems
(Gies et al., 2012). We will for the most part cover binary systems, but we also briefly look at
hierarchical triple systems. These are triple systems wherein two of the stars form a compact binary
pair with a common gravitational centre, and the third is a more massive star. This larger star in
turn shares a common gravitational centre with the compact pair. We will discuss a population of
possible hierarchical triples involving red giants in Chapter 2.
The binary fraction is highly sensitive to spectral type, so we do not provide an exact number;
nevertheless, binary systems are extensively present throughout the sky. In particular, due to the
ease of detection, eclipsing binary stars have been the particular focus of ensemble studies in the
Kepler field. All known targets are collected in the Kepler Eclipsing Binary Catalogue (Prša et al.,
2011); these have been studied in extensive detail, e.g. the Armstrong et al. (2014) catalogue of tem-
peratures, and theoretical modelling of stellar and orbital parameters (Ou et al., 2019). Additional
studies have uncovered a variety of new eclipsing binaries (Maxted & Hutcheon, 2018), painting a
picture of the diverse binary population and helping to further our understanding of the physics of
multiple stellar systems. There have also been in-depth studies of triple stellar systems in the Kepler
field (Borkovits et al., 2016).
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Initial predictions suggested that there would be over 200 eclipsing binaries with at least one
pulsating component in the Kepler field (Miglio et al., 2014). Dozens of these stars have been
found over the duration of the Kepler mission (Huber, 2015). Using asteroseismology, we can
determine the masses and radii of pulsating components in eclipsing binaries with great precision.
Such measurements can be taken independently of stellar models, meaning they can be used to
test those models. Eclipsing binaries with a pulsating component can be used to constrain stellar
evolution, illuminating facets of the binary evolution process such as surface and core rotation (Beck
et al., 2018a), and the relationship between that rotation and the binary’s orbital period (Beck et al.,
2014). Red giants in eclipsing binaries have proved particularly useful, for testing the asteroseismic
scaling relations (Gaulme et al., 2016, Themeßl et al., 2018), and for probing the effects of surface
convection (Li et al., 2018). In work by Brogaard et al. (2016), this is performed on stars in open
clusters (see Section 1.6), which provide stars of similar ages for comparative ensemble studies.
There have also been studies conducted into the effect of tides on variable stellar phenomena. Tidal
forces are a natural consequence of any sort of binary orbit, and they can drive stellar pulsation
(Thompson et al., 2012), and have an effect on surface rotation and the presence of starspots (Lurie
et al., 2017). Tides can also be used to study the evolution of angular momentum processes in binary
systems (Beck et al., 2018b).
Multiple stellar systems will feature at many points in this thesis. We will explore hierarchical
triple systems between a red giant and a compact pair in further detail in Section 2.1, including
an overview of one such known system. In Section 3.1 we will consider eclipsing binaries as false
positive exoplanet detections, and in Section 3.3, we identify several potential candidates for doubly
oscillating binaries. We will feature a range of binaries in Sections 5.1.2 and 5.2.2, as the result of
new photometry in the Kepler field.
1.6 Stellar clusters
Much of the work in this study is focused on dealing with individual stars in crowded fields. In
addition to observations of the sky near the Galactic plane, crowding is chiefly a problem in stellar
clusters. We identify stars as members of a stellar cluster when they form a physical association
on the sky and have correlated proper motions. All stars in a cluster are of the same age, making
the physics of clusters highly relevant to studies of stellar evolution. Additionally, clusters present
a unique opportunity to conduct ensemble studies of large stellar populations. There are two types
of stellar cluster: globular and open. Globular clusters tend to be more massive and older, whereas
open clusters are younger and in general shorter-lived, due to their looser gravitational binding.
When considering these two types of cluster as targets for photometric studies, the key difference
between them is the spatial density of the stars in our field of view. The stars in open clusters
are more dispersed, meaning that the individual stars within them are easier to study using typical
methods of photometry. As such, open clusters have long been the focus of studies that aim to
enrich our understanding of stellar physics. Containing on average ∼1,000 stars, open clusters are
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Figure 1.9: A colour-magnitude diagram (CMD) for Kepler open cluster NGC 6791. Figure from
Stetson et al. (2003).
also ideal testing grounds for ensemble studies of stellar populations. We focus on open clusters
throughout the remainder of this section.
It is likely that many of the stars that fall within the field of a cluster are foreground (or perhaps
background) stars, which are not physically associated with the cluster. The determination of
individual stellar memberships is one of the key challenges when working with clusters. The most
obvious determinant of cluster membership is distance: as stars in clusters are physically associated,
they should all have similar distances. However, this is not the only factor used to determine cluster
membership, especially because distance measurements often have large uncertainties. In general,
parallax measurements are combined with proper motions, using data from missions such as Gaia
(Brown et al., 2018). This method has also been used to find new clusters with Gaia DR2 (Sim
et al., 2019).
Another tool we can use to determine cluster membership is the colour-magnitude diagram
(CMD). The CMD of NGC 6791, an open cluster that features in this thesis, is shown in Figure 1.9,
with colour along the x axis (in this case represented by V − I photometry) and magnitude along
the y axis. This is a variation on an H-R diagram that nicely exhibits the main sequence and red
giant branch: as all cluster members are assumed to be of a similar age, outliers on a CMD are
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less likely to be cluster members. Typical cluster membership determinations account for evolution,
using a CMD alongside parallax and proper motions. With high-precision parallax measurements
from Gaia, this has even been done in three dimensions (Kamann et al., 2019). Asteroseismology
is often incorporated into cluster membership analysis as a method of determining stellar ages and
evolutionary states (Stello et al., 2013b, Handberg et al., 2017), and can be used to discover new
members (Komucyeya et al., 2018) or show that previously assumed members are outliers (Tang
et al., 2018).
Stars that fall on the main sequence to the left of the turn-off are known as “blue stragglers,”
and are likely the result of mass transfer due to binary mergers, creating main sequence stars of
increased luminosity and temperature, which leads to their bluer colour. Many blue stragglers have
been found to be binary systems, supporting this hypothesis (Manteiga et al., 1989, Mathieu &
Geller, 2009). Leiner et al. (2016) find evidence that evolved blue stragglers can become “yellow
stragglers,” which lie between the blue stragglers and the red giant branch on a CMD.
If we can detect surface rotation periods for cluster stars, we can use those to perform gy-
rochronology, as outlined in Section 1.4. These ages can then be used to estimate the age of the
cluster. Gyrochronology has been shown to work well in cluster studies of fast-rotating red giants
(van Saders et al., 2016), main sequence stars (Barnes et al., 2016), cool stars (Delorme et al., 2011),
and eclipsing binaries (Brewer et al., 2016). Using a combination of different types of stars across
a cluster can make this work even more robust (Sandquist et al., 2016). However, it has also been
shown that, since rotation depends on both mass and age, there are complications when using simple
gyrochronology models which are tuned to high-mass stars to determine the age of a cluster (Curtis
et al., 2019a).
There are four open clusters in the Kepler FOV: NGC 6791, 6811, 6819, and 6866, shown on
a map of the Kepler FOV in Figure 1.10. Due to crowding, the Kepler mission targeted a limited
number of stars in each cluster; in addition to the individually targeted stars, there are long cadence
full-frame images of NGC 6791 and 6819, which we will feature as part of a photometric study in
Chapter 4. These two clusters are the focus of our work, and as such will constitute the majority of
cluster science discussed in this introduction. There have been many large-scale ensemble studies of
the stellar populations in the Kepler open clusters, e.g. Stello et al. (2011b), Balona et al. (2013b).
Such studies are important because they can help us understand the broader structure and formation
of the Galaxy, as well as the mechanisms of stellar evolution. In particular, red giants in the Kepler
open clusters have been used to determine fundamental stellar parameters (Corsaro et al., 2012,
Wu et al., 2014), to study mass loss due to evolution (Miglio et al., 2012a), and to further our
understanding of stellar oscillations (Stello et al., 2011a, Aarslev et al., 2018). Red giants have also
proved useful in determining cluster distances (Abedigamba et al., 2016) and chemical abundances
(McKeever et al., 2019).
NGC 6791 is of particular interest, as it is a very old open cluster with a high metallicity of
+0.313±0.005 dex (Villanova et al., 2018). Further, Villanova et al. (2018) use the metallicity of
stars in NGC 6791 to show the homogeneity of its stellar population, and infer that the cluster likely
formed in the Galactic bulge, and not the thick disk, as was hypothesised in earlier studies (Linden
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Figure 1.10: The Kepler field of view overlayed on a sky map created with software TheSky. The four
Kepler open clusters are marked by open circles. Figure from https://www.nasa.gov/mission_
pages/kepler/multimedia/images/fov-kepler-drawing.html.
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et al., 2017). NGC 6819 has also proven to be interesting testing grounds for chemically peculiar
stars (Anthony-Twarog et al., 2013, Carlberg et al., 2015). Hekker et al. (2011a) presented a study
of the Kepler open clusters, showing that metallicity influences the overall stellar profile of a cluster,
though it has a limited effect on stellar oscillation parameters.
In addition to the Kepler open clusters, there are 25 open clusters that were observed by K2
(Cody et al., 2018), many of which are yet to be investigated in depth. Others, like M67 (Stello et al.,
2016b, Leiner et al., 2016, Esselstein et al., 2018), are well-known. Of course, TESS is gradually
observing the whole sky, making ensemble time series studies of cluster stars a growing field.
1.7 Asteroseismology before Kepler
In this section, I will briefly cover the evolution of variable star photometry, from ground-based
observations in the mid-20th century to the space-based missions that preceded Kepler , with a focus
on asteroseismology. Prior to the era of space-based missions which focus on stellar variability,
ground-based observations were used to carry out asteroseismology of bright stars: several ground-
based radial velocity studies of bright stars reported the detection of solar-like oscillations (Bedding
et al., 2001, Frandsen et al., 2002, Kjeldsen et al., 2003, 2005).
The field of space-based asteroseismology began with the Hubble Space Telescope (HST) (Ed-
monds & Gilliland, 1996), and was boosted by the WIRE (Wide Field Infrared Explorer) satellite.
WIRE was launched in 1999 with a mission objective to perform an infrared survey of galaxies
(Hacking et al., 1999); however, WIRE’s main telescope failed shortly after launch, leaving only
the star tracker operational. To take advantage of this situation, Buzasi et al. (2000) used the star
tracker to perform photometric measurements of bright stars. This resulted in time series photom-
etry, obtained from 1999–2000 and again from 2003–2006 (Bruntt, 2007). These data were used for
asteroseismic studies, yielding particularly extensive results for red giants (Stello et al., 2008) and
δ Scuti stars (Bruntt et al., 2007, Poretti et al., 2002). WIRE was the first space-based mission to
open up long-period time-domain asteroseismology as a field, producing data such as the 84 day
time series exhibited in Bruntt et al. (2009).
Space-based asteroseismology continued with the HST (Gilliland, 2008), as well as more dedi-
cated missions, including the single-purpose asteroseismology mission MOST (Microvariability and
Oscillations of Stars) (Matthews et al., 2000), and later CoRoT (Convection, Rotation and planetary
Transits) (Baglin & Team, 1998). CoRoT can be seen as Kepler ’s direct predecessor, as it searched
for both exoplanets and oscillating stars. The CoRoT mission observed from 2006 to 2009, the year
in which Kepler was launched. Figure 1.11 shows a H-R diagram of oscillating stars discovered in
ground based data and CoRoT, highlighting the particular success of CoRoT in detecting oscillating
red giants. Many studies resulted from CoRoT which deepened our understanding of subgiants and
red giants (Appourchaux et al., 2008, De Ridder et al., 2009, Hekker et al., 2009, 2010, Baudin
et al., 2011, Mosser et al., 2011a, Baudin et al., 2012, Samadi et al., 2012), including the further
development of the red giant oscillation pattern (Mosser et al., 2011b). CoRoT also contributed to
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Figure 1.11: H-R diagram showing oscillating stars detected by ground-based radial velocity obser-
vations and CoRoT, with evolutionary tracks underlaid. Surface gravity is used on the y axis in this
variant of the H-R diagram, as higher surface gravity is correlated with higher radius, and therefore
luminosity. Figure adapted from Huber (2015).
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Figure 1.12: An example of transits used to detect the presence of an exoplanet, the main goal of the
Kepler mission. The exoplanet shown in this figure is Kepler 8b. Top panel: a segment of the light
curve with clear transits. Bottom panel: the light curve phase folded on the period of the planet,
with a model of the transit shown as a solid line. Figure adapted from Jenkins et al. (2010).
the study of stellar oscillations in δ Scuti stars (García Hernández et al., 2009, Poretti et al., 2009),
and stellar surface rotation as observed by the motion of starspots (Mosser et al., 2009). Though the
CoRoT mission is long since over, the data continue to yield new results, such as the recent study
of massive stars conducted by Bowman et al. (2019).
1.8 Kepler and K2
The Kepler mission was launched in 2009 with the primary science goal of searching for exoplanets
by detecting transits (Figure 1.12), the signals caused by an exoplanet passing in front of a star
and diminishing its brightness. To achieve this, the mission was designed to collect photometric
time series data, or light curves, for over 160,000 stars in a 100 square degree field, which covered
parts of the constellations Cygnus and Lyra. The high-quality data from Kepler ’s 4′′ pixels on 42
CCDs, shown in Figure 1.13, has been put to extensive use in studying stars, particularly those
with some intrinsic or extrinsic variation in brightness over time. Targets were mostly chosen to be
main sequence stars like the Sun, which were of the most interest for exoplanet searches, however
some targets were reserved for scientifically interesting stars as part of the Kepler asteroseismology
program (Gilliland et al., 2010, Kjeldsen et al., 2010). Figure 1.14 shows the Kepler asteroseismic
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Figure 1.13: Kepler field of view, as shown in a full frame image taken by the CCD cameras. Image
from https://keplergo.arc.nasa.gov/DataAnalysisProducts.shtml.
yield of solar-like oscillators, proving the program an unprecedented success.
During its operation, the Kepler telescope followed an Earth-trailing orbit. The Kepler field of
view rotated 90° every 90 days; these periods are known as quarters. This resulted in targets falling
on a different CCD each season, which in turn led to changes in measured pixel flux, depending
on CCD sensitivity. There were also overall systematics in flux due to telescope drifts and thermal
fluctuations. In addition to these macro-scale systematics, there are also jumps in the time series
data due to pointing shifts following telescope safe modes, which were triggered by unexpected issues
with the operation of telescope software, possibly caused by hardware failures, or pointing errors
picking up excess signal from the Earth or the Sun.
Kepler had two main modes of data collection: long cadence, where brightness data were stored
as averages over every 30 minutes, and a short cadence mode with a 1 minute cadence. About
150,000 stars were selected to be long cadence targets, whereas there were a limited number of
short cadence targets, capped at 512 per observing quarter, due to the high bandwidth cost of
downloading telescope data. When a star was targeted, its data was downloaded as a rectangle
of surrounding pixels, known as a “postage stamp.” These postage stamp time series were made
publicly available as target pixel files (TPFs). The data from these TPFs was then processed into
light curves, using aperture photometry, which we will cover in more detail in Section 4.1. In brief,
the term “photometry” refers to the process of measuring the brightness of astronomical objects.
Each Kepler pixel collected photons, and the cumulative number of photons collected per pixel was
taken as a raw measurement of flux, which could then be converted to magnitudes. Though all stars
occupy less than 4′′ on the sky, the flux from an individual pixel is not sufficient for photometry,
given that the flux of a given star will spread out across the CCD depending on the star’s apparent
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Figure 1.14: H-R diagram showing stars with solar-like oscillations detected by Kepler , with evolu-
tionary tracks underlayed. Figure from Yu et al. (2018).
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magnitude. Similarly, it may not be as simple as choosing a square or circle of pixels around a
star, owing to issues such as pixel saturation and crowding, which occurs in areas of the sky with
high stellar density, such as clusters or the Galactic plane. The process of doing stellar photometry
generally involves the selection of an aperture around the target such that as much as possible of
the flux is captured, and excluding as best possible the flux from nearby targets. One measurement
of the space a star’s flux occupies on the CCD is the point-spread function (PSF), which is often
used to select an aperture around a star. The fluxes from pixels in the aperture are combined to
produce an accurate measurement of the target’s brightness as a function of time.
The original Kepler mission was 4 years long, ending in 2013. In total, the mission produced
18 quarters of data, the first two of which — notated quarters 0 and 1 — were 9 and 34 days
respectively, and the rest were 90 days. The mission ended due to the failure of two of the telescope’s
four reaction wheels, used to manage pointing, but the Kepler telescope remained operational under
the K2 mission (Howell et al., 2014), which presented many new opportunities for studies of stellar
variability (Chaplin et al., 2013, Huber et al., 2016). During K2 , the telescope pointed along the
ecliptic plane and, instead of quarters, observed in campaigns of varying lengths, covering 16 fields
of view, with two fields revisited in later campaigns and one further field revisited twice. Due to the
new set-up with the reaction wheels, the telescope was required to fire its thrusters once every six
hours to correct pointing, and as such K2 data exhibits a drift which needs to be corrected for prior
to analysis. Despite these setbacks, there have been a great wealth of discoveries with K2 including
many exoplanets (Mayo et al., 2018). In this thesis, we only consider data from the 4-year nominal
Kepler mission.
1.9 TESS
The successor to the Kepler mission is TESS , the Transiting Exoplanet Survey Satellite (Ricker
et al., 2015), which launched in April 2018. The TESS field of view is comprised of four cameras
arranged vertically, as shown in Figure 1.15. Whereas Kepler covered one patch of the sky for
four years, TESS is spending one month on each sector and intends to cover the entire sky, with
overlap in the continuous viewing zones on camera 4, which points at the ecliptic poles. TESS
spent the first year of its operation pointing at the southern celestial hemisphere, and at time of
writing is pointing at the northern hemisphere for a following year. There is also a planned TESS
extended mission, which will continue its incremental survey of the whole sky1. Similar to Kepler ,
TESS ’s main mission is focused on the search for exoplanets, however it has been noted that the
characterisation of exoplanets is incomplete without knowledge of their host stars, which is another
main goal of TESS (Campante et al., 2016). There are a thousand 20-second cadence targets per
sector, with 60 of these allocated for asteroseismology targets. An additional 750 targets at TESS ’s
standard 2-minute cadence are reserved for asteroseismology. Many of these are being drawn from
the TESS Asteroseismic Target List (Schofield et al., 2019).
1https://heasarc.gsfc.nasa.gov/docs/tess/announcement-of-the-tess-extended-mission.html
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Figure 1.15: The TESS field of view, as shown in the telescope’s first light image. The large saturated
objects in cameras 3 and 4 are the Small and Large Magellanic Clouds, respectively. Image from
https://heasarc.gsfc.nasa.gov/docs/tess/objectives.html.
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Figure 1.16: Left panel: predicted asteroseismic target yield for the first year of TESS operations,
shown alongside the Kepler asteroseismic detections in the same region of the H-R diagram. Right:
a histogram of the number of expected TESS detections by V band magnitude, shown alongside the
number of Kepler detections. Note that TESS is expected to detect many more main sequence and
subgiant stars than Kepler , and at overall lower magnitudes. Figure from Schofield et al. (2019).
Due to its proximity to Earth, TESS is able to download a greater volume of data than Kepler .
There is a 2 minute short cadence mode for TPFs, and long cadence full-frame images taken every
30 minutes. This allows for photometry on any target within the FOV. TESS pixels are 21′′ square,
which leads to increased crowding compared to Kepler — however, the aperture of TESS is less than
Kepler ’s, meaning that the majority of stars able to be observed are bright enough that crowding is
less of a concern. For oscillating targets, TESS detections are in general 4–5 magnitudes brighter
thanKepler detections (Schofield et al., 2019), meaning that the time series data for a 10th magnitude
star observed by TESS will be of roughly the same quality as a 15th magnitude star observed with
Kepler . The majority of asteroseismic targets observable with TESS are high-frequency oscillators,
an area TESS will cover better than Kepler due to the increased number of short cadence targets,
as in Figure 1.16.
Some early results in TESS studies of stellar variability include the discovery of the true age
of the Pisces-Eridanus stellar stream (Curtis et al., 2019b) and the detailed study of open clusters
(Bouma et al., 2019). Light curves from TESS have also been used for the asteroseismic analysis of
planet-hosting stars (Huber et al., 2019, Campante et al., 2019), pulsating white dwarf stars (Bell
et al., 2019a), and δ Scuti stars, which we showcase in Section 3.5.
Chapter 2
Detailed Pixel Analysis of
Anomalous Red Giants
This chapter details the study of a unique sample of red giants within the Kepler data. I began
working on these stars in 2015, as my honours year research project, but the question behind these
stars stretches back as far as 2010, when the first data from Kepler was being analysed. Bedding
et al. (2010) noted the presence of anomalous high-amplitude modes distinct to the typical red giant
oscillation pattern. At the time, the authors speculated that these peaks might be mixed modes. As
more Kepler data became available, the peaks resolved and became narrower, ruling out the mixed
mode hypothesis. These sorts of narrow, high amplitude peaks suggest binarity; however, when
taking into account the frequency of the peaks and the size of a red giant, it became apparent that
these could not be indicative of a binary system unless the companion star was inside the red giant’s
convective envelope. Though such a system is possible, in the short-lived common envelope phase of
binary evolution, it is unlikely that we will detect it using these means. A more likely explanation
is that these signals are due to the presence of a compact binary system near the red giant, whether
physically associated or a chance alignment. In this chapter, I set out to determine the true source
of these anomalous high amplitude peaks, and provide population statistics for those which turn out
to be physically associated.
The following chapter is a pre-copyedited, author-produced PDF of an article accepted for pub-
lication in the Monthly Notices of the Royal Astronomical Society following peer review. The
version of record (Colman et al., 2017) is available online at: https://academic.oup.com/mnras/
article/469/4/3802/3798205. The version included here consists of formatting alterations, one
citation updated to reference the published version of a paper that was previously only on arXiv, and
a correction to incorrect table headers. I carried out all analysis work and writing for the paper. My
work was advised by Daniel Huber and Tim Bedding. The original sample of stars included in this
study was collated and investigated by Tim Bedding, Daniel Huber, Paul Beck, Yvonne Elsworth,
Rafael Garciá, Steven Kawaler, Savita Mathur, Dennis Stello, and Tim White. Jie Yu and James
Kuszlewicz provided additional anomalous red giants which I included in the study.
27
28 CHAPTER 2. DETAILED PIXEL ANALYSIS OF ANOMALOUS RED GIANTS
Evidence for compact binary systems around
Kepler red giants
Isabel L. Colman1,2, Daniel Huber1,2,3,4, Timothy R. Bedding1,2, James S. Kuszlewicz2,5,
Jie Yu1,2, Paul G. Beck6, Yvonne Elsworth2,5, Rafael A. García6, Steven D. Kawaler7,
Savita Mathur8, Dennis Stello1,2,9, and Timothy R. White2
1Sydney Institute for Astronomy, School of Physics, A28, University of Sydney, NSW, 2006, Australia
2Stellar Astrophysics Centre, Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000
Aarhus C, Denmark
3Institute for Astronomy, University of Hawai‘i, 2680 Woodlawn Drive, Honolulu, HI 96822, USA
4SETI Institute, 189 Bernardo Avenue, Mountain View, CA 94043, USA
5School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
6Laboratoire AIM, CEA/DRF - CNRS - Univ. Paris Diderot - IRFU/SAp, Centre de Saclay, 91191 Gif-sur-Yvette
Cedex, France
7Department of Physics and Astronomy, Iowa State University, Ames, IA 50011, USA
8Center for Extrasolar Planetary Systems, Space Science Institute, 4750 Walnut street Suite 205, Boulder, CO 80301,
USA
9School of Physics, University of New South Wales, NSW 2052, Australia
Abstract
We present an analysis of 168 oscillating red giants from NASA’s Kepler mission that exhibit anoma-
lous peaks in their Fourier amplitude spectra. These peaks result from ellipsoidal variations which
are indicative of binary star systems, at frequencies such that the orbit of any stellar companion
would be within the convective envelope of the red giant. Alternatively, the observed phenomenon
may be due to a close binary orbiting a red giant in a triple system, or chance alignments of fore-
ground or background binary systems contaminating the target pixel aperture. We identify 87 stars
in the sample as chance alignments using a combination of pixel Fourier analysis and difference
imaging. We find that in the remaining 81 cases the anomalous peaks are indistinguishable from
the target star to within 4′′, suggesting a physical association. We examine a Galaxia model of
the Kepler field of view to estimate background star counts and find that it is highly unlikely that
all targets can be explained by chance alignments. From this, we conclude that these stars may
comprise a population of physically associated systems.
2.1 Introduction
This paper sets out to solve a long-standing problem in the study of oscillating Kepler red giants.
The analysis of red giants has been an area of rapid growth with the advent of data from the Kepler
mission (Borucki et al., 2010). In particular, asteroseismology has allowed unprecedented insights
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Figure 2.1: Top panel: Amplitude spectrum of KIC 4350501, the first noted red giant with an
anomalous peak, using only 43 days of data (Q0 and Q1), as in Bedding et al. (2010). Bottom
panel: Amplitude spectrum calculated using all four years of Kepler data. The oscillations are
centred at 140µHz; the anomalous peak is at ∼86µHz.
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Figure 2.2: A variety of light curves phased on the period of the anomalous peak and binned. The
top row shows stars that could not be discounted as chance alignments in this study. The bottom
row shows chance alignments; with the last star KIC 7198587 being contaminated by RR Lyrae.
into their core fusion (Bedding et al., 2011), internal rotation (Mosser et al., 2012a, Beck et al.,
2012), and internal magnetic fields (Stello et al., 2016a). Red giants have also contributed to the
field of Galactic archaeology, where the study of red giant populations is used to map the formation
history of the Galaxy (Miglio et al., 2013, Casagrande et al., 2016).
The red giants in this study were first noted in the early days of Kepler . Initial analysis revealed
anomalous high-amplitude peaks in their Fourier spectra. Fig. 2.1 shows amplitude spectra using the
first quarter of data and data from all quarters for the first star observed to exhibit this behaviour,
KIC 4350501 (Bedding et al., 2010). Note that the heights of the oscillation modes in the amplitude
spectrum decrease as the observing time is increased because the modes become more resolved.
These anomalous peaks were first suggested to be mixed modes (Bedding et al., 2010), which
are caused by the coupling between p modes propagating in the convective envelope with g modes
propagating in the radiative core. Solar-like oscillations are stochastically excited and damped,
with narrower peaks indicating longer mode lifetimes, as expected for mixed modes. However,
this peak does not conform to the typical comb-like pattern of red giant oscillations (Hekker &
Christensen-Dalsgaard, 2017). In the case of KIC 4350501, more data showed the anomalous peak
to be intrinsically narrow and revealed a subharmonic at half the frequency of the peak, which
implies that it is a distinct signal, unrelated to the red giant oscillations. This suggests that the
peak is not a mixed mode but rather the signature of tidal interactions in a binary system. We have
subsequently found many other red giants that show this type of behaviour, including the presence
of harmonics and subharmonics. However, these peaks are present at such short periods that any
binary companion would have to be orbiting within the convective envelope of the red giant.
This raises the possibility that we are observing common-envelope systems (Paczynski, 1976).
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This is a phase of binary evolution that has been extensively studied with modelling and population
synthesis. Evidence to confirm the existence of common-envelope systems is hard to come by;
the closest method we have to direct detection is studying observational phenomena indicative of
a past common-envelope phase. Recent studies have used the shaping of planetary nebulae with
binary central stars to better understand common-envelope interaction (Hillwig et al., 2016), and
jets in planetary nebulae to constrain the magnetic fields of common-envelope binaries (Tocknell
et al., 2014). It has also been postulated that the common-envelope phase could be integral to the
evolution of red giants into sdB stars and cataclysmic variables (Beck et al., 2014). The observation
of a common-envelope system would provide important confirmation for these theories of binary
evolution. For a recent review of our understanding of common-envelope systems, see Ivanova et al.
(2013).
Another possibility is that these objects may be examples of hierarchical triple systems, where
a compact binary orbits a red giant, e.g. HD181086 (“Trinity”) (Derekas et al., 2011, Fuller et al.,
2013). Alternatively, these anomalous peaks could arise from a chance alignment: a background or
foreground compact binary that has contaminated the light collected from the red giant. This study
examines a sample of 168 light curves that exhibit both red giant oscillations and an anomalous
peak, often with harmonics or a subharmonic. In this paper, we outline the method used to identify
chance alignments, and comment on the statistics of possible physically associated systems.
2.2 Methods and Analysis
2.2.1 Data preparation
The 168 stars studied were all discovered among Kepler red giants by visual inspection of power
spectra. Many were included in the samples of Huber et al. (2010), Huber et al. (2011), or Stello
et al. (2013b). Additional stars were taken from Yu et al. (2016) or found in the APOKASC
sample (Pinsonneault et al., 2014).
We began by downloading and preparing Kepler simple aperture photometry (SAP) light curves
from MAST1. We processed the light curves following García et al. (2011), initially performing a
high-pass filter using a Gaussian of width 100 days. We followed this by clipping all outliers further
than 3σ from the mean. Finally, we took a Fourier transform to produce the amplitude spectrum.
We first located the comb-like pattern of solar-like oscillations, typical of red giant stars. Then,
we were able to identify anomalous peaks. These have no particular position in relation to the solar-
like oscillations. The majority of anomalous peaks had amplitudes higher than or comparable to
the oscillations. Some anomalous peaks were found at similar frequencies to the oscillations, which
led to a degree of confusion in stars that were identified previously with fewer quarters of data. A
subset of the stars that we initially considered to fit this pattern were discarded from this study due
to the anomalous peak representing an oscillatory ` = 0 or ` = 2 mode with a relatively broad peak,
implying a shorter mode lifetime.
1http://archive.stsci.edu/kepler/
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Figure 2.3: Top row: KIC 6707691, showing both γ-Dor (left) and red giant (right) oscillations.
Bottom row: KIC 9771905, showing both red giant (left) and δ-Scuti (right) oscillations. Each set
of oscillations is isolated to better display its features, as in each star the red giant oscillations have
significantly lower amplitudes than the classical pulsator oscillations.
Using the frequency of the high-amplitude anomalous peak, we phase-folded each star’s time
series. The majority of the resulting phase curves displayed ellipsoidal variation, lending weight to
the theory that these peaks are due to binarity. None of the anomalous peaks included in this study
displayed the phase variation expected of a red giant oscillation. Examples are given in Fig. 2.2.
In some cases there were also subharmonics present in the Fourier spectra, as with KIC 4350501
(Fig. 2.1), or a series of peaks indicative of an eclipse.
Anomalous peaks in seven cases came from nearby main sequence pulsators—two with γ-Doradus
oscillations and five with nearby δ-Scuti pulsators. Examples of red giants contaminated by γ-
Dor and δ-Scuti oscillations are shown in Fig. 2.3. One star, KIC 7198587, is contaminated by
RR Lyrae (Kolenberg et al., 2010). Although these stars do not conform to the typical pattern
of red giant oscillations with one anomalous peak and possible harmonics and subharmonics, we
include them in this paper as they were studied with the same processes as the remainder of the
sample and provide confirmation that the method works independently of the type of target being
analysed.
2.2.2 Pixel power spectrum analysis
In the previous section we covered the process of identifying stars for this sample. For this, we used
SAP light curves, which are a composite of several 4′′ Kepler pixels comprising the so-called ‘optimal
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Figure 2.4: The Kepler TPF aperture of KIC 7461601, a red giant showing contamination from
a chance alignment with a binary. Each panel represents a pixel, showing an amplitude spectrum
calculated using the same methods as in Fig. 2.1 with frequencies up to the Kepler long cadence
Nyquist frequency, 283.21µHz. Amplitudes in each pixel are auto-scaled in order to better display
qualitative features. More compact tick marks indicate higher overall amplitudes. Shaded pixels
indicate the optimal aperture.
Figure 2.5: The Kepler TPF aperture of KIC 3736251, showing no contamination. Each panel
represents a pixel, as in Fig. 2.4.
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aperture.’ To locate the true sources of these anomalous peaks, it was necessary to examine the area
around each of the targets. For this, we used Kepler target pixel files (TPFs), which are available for
download from MAST. TPFs provide a ‘postage stamp’ image of pixels around Kepler targets. We
employed the same methods outlined in Section 2.2.1 to process light curves from individual pixels
in each TPF.
During theKepler mission, the orientation of the telescope changed by 90◦ every quarter. Because
of this, we examined each quarter of pixel data separately. In cases where oscillations were not
visible with only one quarter of data, we stitched together the light curves of quarters with the same
orientation, which occurred every fourth quarter.
By taking a Fourier transform of each pixel time series, we could more accurately locate the
source of the anomalous peaks in the image. We identified these by inspection, based on the pixels
included in the optimal aperture around the target star. In many cases, the source of the anomalous
peak was obviously separated from the source of the solar-like oscillations. Fig. 2.4 shows an example
of such a TPF for KIC 7461601, where the optimal aperture is indicated by red shading. In this
case, the anomalous peak is primarily located outside the optimal aperture. It is evident that its
source is separate to the source of the oscillations. Of the 168 stars analysed, we found 87 to display
this type of clear separation. We interpret these as chance alignments of red giants with background
or foreground binaries. The other 81 stars did not show this sort of clear separation. Fig. 2.5 shows
the TPF for KIC 3736251, a case where there is no clear distinction between the pixel source of the
red giant oscillations and the anomalous peak. We interpret these as possibly physically associated
systems.
2.2.3 Difference imaging
We performed a more detailed study of the TPFs with difference imaging, which has been successfully
applied to the identification of false positive exoplanet transits (Bryson et al., 2013). We selected
postage stamp images that fell in time within 10% bands centred on the maximum and minimum
points of the phased light curve. To create the difference image, we took the average of both sets
of images and subtracted the average about the minima from the average about the maxima. This
new image retained the dimensions of a TPF postage stamp and could easily be compared to the
average images, as shown in Fig. 2.6. From this, we could see which pixels were the source of the
flux variations at the period of the anomalous peak.
There remain some caveats for the use of difference imaging. The method we used was designed
for ellipsoidal variation, and so it was less useful for the few stars in the sample where the phased light
curve showed an eclipse, or where the identified anomalous peak belonged to δ-Scuti oscillations with
multiple high-amplitude peaks. There were several other issues with using the phased light curves,
particularly in stars with a low signal-to-noise ratio where the periodicity was hard to discern by
looking at the phased light curve, due to scatter. Additionally, difference imaging was less successful
for cases where the contaminant was at an angular distance greater than 30′′ from the target star.
Some stars with clear contamination in the TPF did not show any variation in the difference image,
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Average Difference
Figure 2.6: An example of difference imaging, displaying the KIC 7461601 aperture as in Fig. 2.4.
To indicate scale, the compass arms are 6′′. The solid line points north, and the dashed line points
east. The variation originating from the bottom right corner of the TPF can be clearly seen in the
difference image.
Figure 2.7: A UKIRT image showing a 1′ field of view around KIC 7461601. To indicate scale, the
compass arms are 6′′, as in Fig. 2.6. The solid line points north, and the dashed line points east.
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which suggested that the contaminant was located outside the optimal aperture. This tended to
coincide with low-amplitude anomalous peaks. In such cases, it was clear simply from the TPFs
that there was contamination.
Despite this, we were still able to gain valuable information from difference imaging. For stars
with no evident contamination in the TPFs, the difference images tended not to show variation when
compared to the average images. Difference imaging also helped to confirm the status of stars with
low signal in the TPF Fourier spectra. Conversely, the difference images reinforced the status of stars
with more tentative classification as spatially separated. It follows that many of the cases where
difference imaging did not confirm contamination correspond to widely separated chance alignments.
To identify the true source of chance alignments, widely-separated or otherwise, we next com-
pared both the average and difference images to higher-resolution images of the same area of sky,
using 1′ cutouts from the UKIRT WFCAM (the UK Infrared Telescope Wide Field Camera) sur-
vey (Lawrence et al., 2007). An example is shown in Fig. 2.7. Kepler TPFs contain world coordinate
system (WCS) information, which allowed us to calculate the orientation of the postage stamp. We
displayed coordinates on both types of images in the form of a compass rose, from which we could see
whether there were any possible contaminant stars from the same position as the anomalous source
as shown in the TPF Fourier spectra. Looking for matches in both the KIC and the UKIRT object
catalogue, we were able to use a Kepler light curve to confirm the source of contamination in 19
cases. For 87 of the other chance alignments, we noted one or more possible stars that could be the
contaminant, especially closer to the Galactic Plane, which is where most of the chance alignments
were found.
2.3 Discussion
2.3.1 Spatial distribution
We found that, of the 168 red giants with anomalous peaks, 87 could be identified as chance align-
ments, listed in Table 2.1. For 19 of these chance alignments, listed in Table 2.2 we confirmed their
status with the analysis of Kepler light curves of nearby stars which we identified as the sources of
contamination. We could not spatially resolve the 81 other stars (Table 2.3), and we refer to these
as possibly associated systems. We identified four of the five δ-Scuti influenced systems as chance
alignments. The two γ-Dor influenced systems remain possible physical associations.
Fig. 2.8 shows the distribution of our sample over the Kepler field of view (FOV), with chance
alignments in panel (a) and possibly associated systems in panel (b). We present these populations
in Galactic coordinates, and note that the bottom of the field at lower Galactic latitudes is closer
to the Galactic Plane and has a higher density of stars. At higher Galactic latitudes we observe
a marked paucity of stars as expected, both in the field itself and in the sample considered in this
study. Similarly, this pattern presents itself in the distribution of chance alignments. It is therefore
noteworthy that the possibly associated systems seen in panel (b) seem to be spread quite evenly
across the FOV.
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Figure 2.8: The sample of stars in this study is shown across the Kepler field of view in Galactic
coordinates. Panel (a) shows red giants with anomalous peaks that we classified as chance align-
ments, shown as green circles. In cases where source of the contamination could be confirmed by
the contaminating star having a Kepler light curve, the target is shown by a pink square. Panel (b)
shows the population of red giants exhibiting an anomalous peak and where a physical separation
cannot be discerned.
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Figure 2.9: Cumulative distributions in Galactic latitude of the populations shown in panels (a) and
(b) of Fig. 2.8. The solid blue line is taken from a random sample of 1,000 Kepler red giants.
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Figure 2.10: Left: Relationship between the amplitude of the anomalous peaks in our sample and
Kepler magnitude. Chance alignments are shown with green circles, and possible physical associ-
ations with red triangles. For comparison, we also display the amplitudes of a population selected
from the Kepler Eclipsing Binary Catalog with morphology number > 0.7, shown with blue squares.
Right: Histogram of each population distributed across amplitude. Not pictured: two outliers with
amplitudes above 700ppm, one chance alignment (KIC 4071950) and one possible physical associa-
tion (KIC 6526377).
We further analysed these populations by examining their cumulative distributions as a function
of Galactic latitude, shown in Fig. 2.9. We compare this to a distribution of 1,000 red giants drawn
randomly from a list of oscillating Kepler red giants provided from Yu et al. (2018). The distribution
of the possible physical associations closely matches the distribution of random red giants, which
implies that they are not chance alignments. It is also noteworthy that these distributions visibly
differ from the distribution of chance alignments, which increases sharply at low Galactic latitudes,
reflecting the higher density of stars closer to the Galactic Plane. The probability of finding a chance
alignment between two populations is expected to scale as the square of surface density. This gives
us an important insight into the nature of this population and suggests that we may be observing a
distinct population of systems, possibly hierarchical triples or common-envelope binaries.
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2.3.2 Amplitude distribution
We searched for a possible correlation between the intrinsic luminosities of the red giants and the
amplitudes of their anomalous peaks. It might be expected that if a compact binary is physically
associated with a red giant, the amplitude of variations from the binary might correlate inversely
with the luminosity of the red giant, due to dilution. We observed no correlation, which led us to
compare our stars to a sample drawn from the Kepler Eclipsing Binary Catalog (Prša et al., 2011)2.
We selected the sample of eclipsing binaries (EBs) by their morphology, which is a measure of the
ellipticity of their phased light curves calculated by locally linear embedding (Matijevič et al., 2012).
The cut off for EB selection was a morphology number > 0.7, chosen by visual inspection of stars in
the catalog to match those with light curves similar to those in our sample. In Fig. 2.10, we plot the
amplitudes of the anomalous peaks in our sample and of the Kepler EBs against Kepler magnitude.
These data show that more ellipsoidal variation tends to have a lower amplitude of variation, a trend
which is also present in our sample. The measure of ellipticity in our data was based on a ranking
of the shape of phased light curves and on a different scale to the Catalog’s morphology number, so
we do not display it in Fig. 2.10.
From this exercise, we can explain the lack of correlation between the intrinsic luminosities of red
giants and the amplitudes of their anomalous peaks by the broad range of amplitudes present across
ellipsoidal variables, as exhibited by the Catalog sample. We also note that while our sample is
overall brighter than the Catalog sample, the distribution of amplitudes is what would be expected
for a sample primarily exhibiting ellipsoidal variation. The histogram in the right panel of Fig. 2.10
shows that the distribution of the possible physical associations closely matches the distribution of
the Catalog EBs. The anomalous peaks of both the possible physical associations and the chance
alignments are more present at lower amplitudes, but this is markedly noticeable for the latter. This
effect can be explained by the wide angular separation between the target stars and their contam-
inants, so less of the contaminating light enters the optimal aperture. This leads to systematically
lower apertures. In the case of the possible physical associations, this dilution could be caused by a
compact binary companion. This strengthens the conclusion that the possible physical associations
comprise a distinct population.
2.3.3 Modelling of chance alignments
While the majority of chance alignments found in this study involved contaminants further than 4′′
from the target star, it is possible that there could be contaminants within 4′′ of the target that our
methods do not have the sensitivity to detect. To test whether we could expect to find more chance
alignments within the remaining 81 stars, we analysed a model of a stellar population in the Kepler
FOV. This also helped us in understanding the underlying statistics around chance alignments of
red giants and background or foreground binary systems.
We used the modelling software galaxia (Sharma et al., 2011), which allows the user to syn-
thesise an artificial population of stars within a given area of sky, here chosen to match the Kepler
2http://keplerebs.villanova.edu/
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Figure 2.11: An illustration of the process used to search for chance alignments in the galaxia
model, described in Section 2.3.3. The concentric rings have radius 4′′, intended to represent the
maximum distance between stars that could fall on the sameKepler pixel. The colour scale represents
J magnitude.
FOV. We defined a chance alignment as any two stars found within a Kepler pixel of each other,
namely 4′′. galaxia does not take into account the existence of binary systems, and hence any
chance alignments that are detected in the simulation are true chance alignments.
Our model goes down to an apparent J magnitude of 20. Once the synthetic FOV had been
simulated, we then searched for stars analogous to those in the sample by minimising over apparent
J magnitude within a set range of Galactic coordinates b and `, and stellar parameters Teff , log(g)
and [Fe/H] (Mathur et al., 2017). The nearest match to each target star was designated a blend if
we located another star within 4′′ of it. This process is illustrated in Fig. 2.11.
We found the occurrence of 4′′ chance alignments in the model to be rare, with only 18 of 168
these stars fitting the criterion, or 10.7%. This is much lower than the observed fraction (as discussed
in Section 2.3.1) because here we are only looking at matches within 4′′, which cannot be discerned
by the techniques covered in Section 2.2. This can be compared with the figure quoted in a study
of false positive KOIs (Kepler Objects of Interest) by Ziegler et al. (2017), who found that planet
host candidates have a nearby star within 0.15′′ – 4′′ with a probability of 12.6% ± 0.9. Despite
the fact that Ziegler et al. were not focused on red giants in the same way as our study, our value is
just over 2σ from the result given by Ziegler et al., which places the two samples in good agreement.
This suggests that a similar proportion of our sample will contain chance alignments within 4′′. By
inspection of UKIRT images, 9 of the identified chance alignments appear to be close to or within
4′′. This implies that we should expect to find roughly 9 more chance alignments within 4′′ among
the 81 stars that have not been identified as chance alignments. This is a strong result, and leaves
us with a sizeable population of possible physical associations involving an oscillating red giant.
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2.3.4 Nature of the population
Based on the analysis presented in this section, it is likely we are observing a distinct population
of possibly physically associated systems. It is evident from the oscillations present that we are
observing systems involving red giant stars. This raises the question of how similar the red giants
in this sample are to typical red giants. We compared these objects to a sample of ∼16,000 known
oscillating Kepler red giants (Yu et al., 2018) in a plot of νmax against oscillation amplitudes, and
found that the two samples were similar. This suggests that whatever mechanism is involved in
generating large amplitude variations in these systems is not suppressing or altering the red giant
oscillations in any significant way.
The most likely possibilities remain common-envelope and hierarchical triple systems. There
are no known oscillation common-envelope systems for comparison, and there is still a limit to
our knowledge of hierarchical triple systems. The HD181086 system (Derekas et al., 2011) is the
best-studied observational example of a hierarchical triple involving a red giant. The red giant
in HD181086 does not exhibit any oscillations, and the analyses of red giants in other eclipsing
binaries have indicated that red giant oscillations can be suppressed by binarity (Gaulme et al.,
2014). However, since we used the presence of red giant oscillations as a selection criterion for this
study it is not possible to observe any such trend. Ultimately, we cannot extrapolate from the case
of HD181086 to the many possible cases in this study, so the population of triple systems remains a
valid hypothesis.
2.4 Conclusions
From a sample of 168 red giant stars with anomalous high-amplitude peaks, we found 87 could
be discounted as chance alignments, with the remaining 81 exhibiting no contamination outside a
Kepler pixel. This leaves the opportunity for these stars to be physically associated systems such as
a common-envelope binary or hierarchical triple systems. We observe that this population appears
to follow the distribution of randomly-selected stars from the Kepler FOV. This distinguishes them
from the population of chance alignments, which appear with a greater density towards the Galactic
Plane. We have constructed and examined a model of a synthetic population in the Kepler field
which suggests that such close chance alignments are rare, which would imply that most of these
stars are more likely to be physically associated systems. This may point to hierarchical triple
systems, or to common-envelope binaries.
Future work includes an observation of all remaining targets by Robo-AO (Baranec et al., 2011),
an adaptive optics system which has been used previously to examine exoplanet host stars and
asteroeismic targets observed by Kepler (Schonhut-Stasik et al., 2017, Ziegler et al., 2017). We
will also look to spectroscopic follow-up observations using data from APOGEE (Majewski et al.,
2010), to identify the spectral lines of companion stars or any radial velocity variations indicative of
binarity. In addition to this, further opportunities will arise to search for these unusual red giants in
data from K2 and TESS. A larger sample from different areas of the sky would aid our understanding
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of these unusual cases and aid more detailed analysis of a possible new population of systems.
The fundamental parameters of the stars in this study are listed in tables in the appendix. All
code used for analysis is available online at https://github.com/astrobel/chancealignments.
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2.6 Appendix: Tables
Table 2.1: Details of the 69 presumed chance alignments. In cases where we found the anomalous
peak to be part of δ-Scuti oscillations, the peak frequency (νpeak) is marked with two asterisks.
RA DEC Teff νmax νpeak Ppeak
KIC (deg) (deg) Kp log(g) (K) [Fe/H] (µHz) (µHz) (days)
1870196 291.8805 37.34748 12.65 3.20 4895 0.10 191.59 60.77 0.19
2018906 292.42326 37.428 13.20 3.30 5046 -0.54 155.70 44.07 0.26
2163856 292.22694 37.55744 11.70 2.78 5010 0.07 72.14 144.29 0.08
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2301349 291.09195 37.64004 13.43 2.72 4615 0.36 64.62 33.95 0.34
2569650 290.19609 37.81097 15.88 3.62 4986 0.22 187.60 74.04 0.16
2569935 290.222441 37.80783 13.12 1.55 4082 0.36 5.21 71.10 0.16
2696115 286.8690795 37.95218 11.85 2.19 4619 0.21 20.41 42.07 0.28
2710194 290.79134 37.92911 12.15 2.68 4580 0.24 54.74 33.60 0.34
3118806 291.95328 38.21967 10.99 2.18 4569 0.36 18.05 57.58 0.20
3660820 295.19049 38.76184 11.87 2.40 4969 0.07 31.36 69.17 0.17
3858850 293.68329 38.98237 12.01 2.31 4523 0.36 20.33 83.69 0.14
3866844 295.5547695 38.99418 12.65 2.42 4710 0.36 33.33 64.32 0.18
3953330 291.242981 39.09661 12.55 2.28 4627 -0.44 16.58 6.30 1.84
3955590 291.86157 39.01267 10.34 2.19 4673 0.21 97.25 21.22 0.55
4059983 292.2911 39.10751 13.44 2.83 4842 0.56 31.96 51.18 0.23
4072864 295.445499 39.12097 13.81 3.34 4961 -0.06 183.22 12.17 0.95
4136374 284.8337805 39.21037 10.84 2.62 4876 0.07 48.53 7.32 1.58
4350501 287.07155 39.41622 11.74 3.06 5016 -0.22 141.40 86.65 0.13
4482738 296.13902 39.57963 12.95 3.06 4936 -0.44 141.34 53.44 0.22
4937770 295.47659 40.03605 13.15 2.90 4924 -0.32 91.11 63.60 0.18
4951617 298.4266905 40.06777 10.89 2.68 4822 0.04 43.31 110.44 0.10
5024414 295.316379 40.18652 12.71 2.81 5000 0.07 71.39 147.05 0.08
5112880 295.362821 40.20787 12.29 2.30 4501 0.10 27.71 66.38 0.17
5219666 299.3242695 40.37239 12.59 2.64 4665 0.36 56.52 29.74 0.39
5304555 298.761761 40.45563 12.78 2.56 4840 0.21 46.76 75.55 0.15
5308777 299.5773105 40.49851 13.20 2.84 4877 0.14 86.42 12.25 0.94
5385245 297.54492 40.55547 10.96 3.08 5083 -0.14 124.83 6.83 1.70
5556726 297.62054 40.76302 12.17 3.21 4898 0.07 207.26 24.04 0.48
5561523 298.632431 40.79503 13.47 2.99 4948 -0.06 34.49 73.03 0.16
5598645 283.7800305 40.81878 11.69 3.21 4973 -0.14 261.85 17.84 0.65
5648894 298.88994 40.82022 8.58 2.81 5068 -0.36 74.87 30.16 0.38
5725960 297.1535 40.92263 12.26 3.45 5171 -0.28 242.25 67.00 0.17
5736093 299.20563 40.91081 13.02 2.93 5121 0.07 106.57 50.05 0.23
6105113 284.81205 41.41103 13.24 3.10 4754 -0.02 32.89 52.65 0.22
6382830 296.992239 41.7899 11.01 2.24 4716 0.21 22.17 56.83 0.20
6447614 293.355371 41.88883 13.85 3.47 5132 -0.64 27.02 85.11 0.14
6612644 293.71154 42.01754 12.51 2.60 4681 0.28 44.85 18.77 0.62
6701238 294.48732 42.16711 11.30 2.40 4777 -0.30 27.26 97.46 0.12
6952355 292.99371 42.43124 13.11 2.98 4864 0.00 118.39 27.38 0.42
6963285 295.8375 42.49793 13.51 2.75 5102 0.21 181.09 57.55 0.20
7335713 280.902429 42.93572 12.44 3.13 5261 -0.56 155.32 40.35 0.29
7461601 296.29989 43.07131 13.43 2.90 4893 -0.46 50.17 82.46 0.14
7604896 290.9272605 43.23875 13.09 2.92 4878 0.06 99.38 72.13 0.16
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7630743 297.9376695 43.28479 12.62 3.14 4786 0.07 166.91 86.71 0.13
7631194 298.05033 43.23317 11.82 2.68 4994 0.07 58.83 57.06 0.20
7831725 294.8964 43.52991 12.87 2.66 4985 0.07 39.10 35.81 0.32
7880664 287.7593895 43.68936 12.36 2.63 4802 0.07 39.26 99.11 0.12
7944142 284.869578 43.733161 7.82 2.80 5055 0.07 74.88 6.69 1.73
8052184 298.7172 43.85774 13.51 3.56 5196 -0.30 253.94 78.51 0.15
8409750 281.62728 44.41363 12.20 3.27 5245 -0.18 206.51 36.58 0.32
8649099 299.32878 44.79816 11.23 2.54 4845 -0.20 44.92 74.07 0.16
8914107 300.59514 45.15587 12.08 3.12 4910 -0.06 165.07 230.17 0.05
9091772 292.936899 45.41815 11.53 2.95 5026 0.07 115.53 48.25 0.24
9291830 295.97199 45.71479 11.02 2.56 5038 0.07 43.86 85.70 0.14
9479404 297.08928 46.03567 9.83 2.85 5191 0.21 77.41 10.02 1.16
9582089 289.24935 46.26023 12.22 2.45 4608 0.24 23.72 80.49 0.14
9612084 299.8694295 46.24609 11.76 3.05 5095 -0.06 78.60 **265.85 0.04
9771905 292.40451 46.5417 11.71 2.15 4393 0.16 11.47 **238.68 0.05
9906673 297.57587 46.76234 12.74 2.69 4937 -0.22 37.73 27.36 0.42
10203751 290.21211 47.202 11.96 2.58 4816 -0.08 35.69 13.18 0.88
10528911 289.28019 47.70018 12.06 2.39 4889 0.21 33.33 60.12 0.19
10854977 288.95117 48.22104 13.81 3.19 5193 -0.24 181.64 10.47 1.11
10858675 290.6682705 48.20462 12.24 2.84 4967 -0.08 87.12 24.31 0.48
10878851 298.14741 48.29483 13.21 2.44 4981 0.07 34.02 79.74 0.15
11298371 292.571829 49.03284 10.26 2.44 4989 0.07 35.28 59.76 0.19
11618859 295.67499 49.61104 13.77 3.64 5355 0.04 259.83 33.80 0.34
11753010 285.65682 49.90863 11.01 2.06 4303 0.14 14.03 89.70 0.13
12117138 294.895719 50.60238 12.50 2.53 4805 0.07 39.99 2.63 4.40
Table 2.2: Details of the 19 confirmed chance alignments with a known entry in the KIC. In cases
where we found the anomalous peak to be part of δ-Scuti oscillations, the peak frequency (νpeak) is
marked with two asterisks. The star contaminated by RR Lyr is indicated with a caret.
RA DEC Teff νmax νpeak Ppeak Contam.
KIC (deg) (deg) Kp log(g) (K) [Fe/H] (µHz) (µHz) (days) KIC
757076 291.03872 36.59813 11.68 3.58 5160 -0.10 271.50 31.86 0.36 757099
1026473 291.14901 36.72203 13.79 2.36 4788 -0.32 30.96 7.41 1.56 1026474
1872166 292.2872805 37.31746 11.63 2.82 4971 0.21 77.96 36.06 0.32 1872192
1872210 292.29633 37.31521 10.40 2.79 5250 0.21 78.82 17.28 0.67 1872192
2167774 293.07089 37.52352 9.85 2.69 4720 0.12 61.69 32.77 0.35 2167783
4071950 295.24143 39.11102 13.59 3.25 5004 -0.04 207.74 23.42 0.49 4071949
4077044 296.26499 39.18323 13.72 2.70 4832 -0.06 58.85 **167.62 0.07 4077032
4547321 287.067369 39.66424 13.93 3.18 4927 -0.04 245.22 40.12 0.29 4547308
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4906950 285.9681405 40.06682 10.65 2.61 4655 0.14 52.14 18.80 0.62 4906947
5535029 292.2791805 40.74402 12.25 2.04 4462 -0.18 13.23 49.95 0.23 5535061
6048862 293.79036 41.3675 12.77 2.49 4941 0.07 34.46 86.85 0.13 6048876
7198587 291.2658405 42.73949 12.89 3.18 4968 0.18 168.98 ˆ20.42 0.57
8456004 299.5297905 44.40994 13.95 2.24 4562 -0.10 17.66 85.77 0.13 8456010
9045025 298.5382605 45.37306 12.47 2.66 4569 0.22 58.19 **164.00 0.07 9045002
9406638 292.86609 45.98426 11.36 2.49 4935 -0.50 39.83 90.95 0.13 9406652
9471796 294.5013705 46.06111 11.98 2.99 5014 0.21 103.73 12.53 0.92 9471797
9782817 296.54586 46.58502 11.84 2.61 4903 -0.32 53.07 80.03 0.14 9782831
9899421 295.23249 46.77037 12.30 2.32 4601 -0.22 26.00 34.74 0.33 9899414
10553525 298.23522 47.79192 12.81 2.80 4770 -0.26 76.44 16.24 0.71 10553491
Table 2.3: Details of the 81 possible physical associations. Stellar parameters are taken from the
NASA Exoplanet Archive, data release 25 (Mathur et al., 2017). In cases where we found the
anomalous peak to be part of γ-Dor oscillations, the peak frequency (νpeak) is marked with an
asterisk. We mark δ-Scuti anomalous peaks with two asterisks.
RA DEC Teff νmax νpeak Ppeak
KIC (deg) (deg) Kp log(g) (K) [Fe/H] (µHz) (µHz) (days)
1726211 292.50447 37.29278 10.93 2.39 4981 -0.74 31.56 66.01 0.18
1726245 292.51086 37.25521 11.57 2.59 4837 0.21 53.66 43.78 0.26
2160901 291.5993895 37.53966 12.06 2.67 4676 0.24 56.54 2.97 3.89
2449020 292.68245 37.75239 11.91 2.84 5007 0.07 66.76 13.98 0.83
2573092 290.85716 37.87599 11.58 2.46 4723 0.07 31.68 44.69 0.26
3356438 294.92994 38.47866 11.97 2.85 4999 0.07 58.40 5.94 1.95
3530823 287.101181 38.60348 11.74 2.56 5036 0.07 44.55 21.27 0.54
3546046 291.8050695 38.64798 11.96 3.18 4845 0.16 186.12 7.71 1.50
3736251 288.20211 38.8702 13.59 3.38 5148 -0.72 25.97 85.71 0.14
3858714 293.65017 38.95757 11.94 2.61 4852 0.21 48.27 61.02 0.19
3973137 296.026121 39.0659 13.65 2.41 4926 -0.58 36.93 2.56 4.53
4043436 287.40072 39.10863 12.77 2.42 4653 0.10 31.36 15.61 0.74
4149966 289.5747495 39.25492 10.08 2.79 4934 0.07 72.19 5.02 2.30
4164236 293.17628 39.24902 13.97 2.47 4738 -0.04 35.29 61.29 0.19
4279165 295.51473 39.36227 12.38 2.61 4868 -0.16 46.14 222.12 0.05
4374169 293.93991 39.41256 11.67 2.67 4891 0.07 40.07 7.83 1.48
4456739 289.362849 39.54505 12.02 2.44 4658 0.36 41.78 61.63 0.19
4555699 289.94031 39.69181 12.80 2.57 4768 -0.08 26.92 2.63 4.40
4681356 297.897023 39.709683 13.45 2.57 4710 -0.36 47.16 63.68 0.18
4830095 290.10768 39.96584 13.10 2.45 5166 -0.50 30.92 53.11 0.22
5112950 295.37307 40.20586 12.77 2.53 4753 0.00 41.51 91.43 0.13
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5462460 295.65894 40.62042 12.40 2.41 4999 -0.50 32.70 40.99 0.28
5793628 292.67057 41.06844 11.10 2.48 4878 -0.48 36.04 49.55 0.23
5985252 298.17206 41.23463 11.00 2.31 4936 -0.50 27.47 37.37 0.31
6124426 292.1016 41.46219 13.88 3.68 5406 -0.28 205.92 39.16 0.30
6185964 284.57787 41.55982 12.98 2.65 4852 -0.42 27.75 39.86 0.29
6382801 296.9842395 41.73708 13.72 2.68 4724 0.28 38.10 69.47 0.17
6451664 294.57057 41.89605 12.56 2.45 4996 0.07 35.19 50.16 0.23
6462755 297.30729 41.84648 10.44 2.53 4785 -0.16 27.53 32.96 0.35
6468112 298.50825 41.8638 9.70 3.06 5089 -0.04 64.40 *29.22 0.40
6526377 293.07981 41.94772 11.81 2.59 4789 0.00 32.30 16.59 0.70
6610354 293.0651805 42.04949 9.31 2.61 4883 -0.20 45.46 7.74 1.50
6707691 295.9976805 42.17442 11.91 2.89 5122 0.07 85.82 *27.31 0.42
6716840 298.00289 42.11263 11.91 2.55 4841 0.36 27.57 40.50 0.29
6753216 282.487031 42.22581 11.49 3.34 5149 -0.74 46.87 **245.20 0.05
6929104 284.55087 42.46167 13.80 2.96 5054 -0.22 23.77 41.97 0.28
6948654 291.84099 42.43724 13.96 3.08 5048 0.10 32.78 36.40 0.32
6952430 293.019909 42.47953 11.83 2.48 4784 0.07 36.22 61.48 0.19
7267370 286.715829 42.88117 12.32 2.56 4835 0.07 43.74 61.69 0.19
7272332 288.70806 42.86038 13.26 2.63 4779 -0.14 46.89 58.60 0.20
7418275 281.62991 43.00333 13.37 3.41 5369 -0.10 221.62 57.55 0.20
7447072 292.4606 43.05733 13.26 2.93 5059 -0.16 33.26 23.22 0.50
7511777 286.22405 43.12891 13.72 3.53 5140 0.08 221.24 12.05 0.96
7596350 287.81166 43.25247 11.10 2.58 5153 -0.50 39.24 43.92 0.26
7816294 289.78314 43.52288 11.47 2.62 4644 0.18 48.01 25.45 0.45
8092097 289.94732 43.93543 12.80 2.43 4781 -0.20 24.50 33.33 0.35
8095225 290.95461 43.9071 13.43 3.32 5268 -0.04 79.96 76.07 0.15
8462775 301.53743 44.40842 10.89 2.68 4828 0.02 33.92 52.81 0.22
8870432 285.3189 45.1689 9.78 2.53 4733 0.56 35.00 45.39 0.25
9008090 286.0825605 45.3942 12.79 2.49 4785 0.07 38.46 67.39 0.17
9029195 294.38823 45.33999 10.93 2.52 4848 0.21 40.43 11.68 0.99
9146423 288.12324 45.55873 10.95 2.15 4499 -0.02 18.73 54.12 0.21
9210116 288.06693 45.68367 10.11 2.75 4912 0.07 53.87 43.65 0.27
9541892 297.49509 46.18827 12.67 2.54 4809 0.07 34.31 35.88 0.32
9605626 297.981431 46.26839 13.83 3.06 5122 -0.38 33.35 48.30 0.24
9763419 288.4587 46.50697 11.55 2.41 4934 0.07 32.20 49.54 0.23
9777198 294.5120895 46.59932 12.63 2.48 4775 0.21 36.39 40.76 0.28
9851743 298.97724 46.61877 10.46 2.54 4869 0.07 44.81 60.31 0.19
9908646 298.160649 46.73501 13.68 2.97 5021 -0.14 23.58 40.08 0.29
9969574 298.46844 46.88932 12.09 2.96 4812 0.30 108.63 4.00 2.90
10334585 289.86435 47.43528 12.82 2.42 5023 -0.50 31.14 51.69 0.22
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10384595 281.514071 47.50767 12.20 2.87 5186 0.07 44.83 55.09 0.21
10724041 288.92067 48.08529 12.28 2.41 4847 0.21 28.08 75.24 0.15
10855512 289.20384 48.20114 12.88 2.72 4724 0.00 65.23 12.09 0.96
10936814 298.47315 48.39799 10.79 2.47 4922 0.07 38.30 2.60 4.45
11140831 293.52471 48.79779 12.83 2.45 4862 -0.38 32.48 42.32 0.27
11145672 295.58421 48.79117 11.95 2.69 4915 -0.16 58.86 29.96 0.39
11177729 284.270741 48.87462 11.61 2.45 4896 0.07 32.84 42.99 0.27
11192141 292.719624 48.852017 10.52 2.01 4283 0.00 9.13 17.10 0.68
11287896 286.655441 49.03027 12.92 2.42 4947 0.07 34.53 55.10 0.21
11353223 293.29443 49.16571 12.47 2.63 4620 0.16 50.02 81.24 0.14
11400880 290.779849 49.27629 12.82 2.64 4755 -0.04 50.42 18.37 0.63
11567797 295.93539 49.51963 13.35 2.41 4816 0.07 30.69 5.60 2.07
11663151 292.58886 49.76146 11.96 2.68 4887 -0.24 36.30 47.11 0.25
11953849 285.76821 50.31719 11.20 2.45 4896 0.07 33.78 84.45 0.14
12003253 285.4657995 50.41648 11.19 2.41 4785 -0.24 34.27 4.48 2.58
12056767 288.59802 50.52476 10.14 2.45 4817 0.07 37.02 58.15 0.20
12067693 294.63153 50.55264 12.22 2.72 4862 0.36 29.97 65.34 0.18
12117920 295.27409 50.68874 12.18 2.45 4996 0.07 39.41 27.16 0.43
12645236 289.38545 51.76019 12.54 3.17 5114 -0.40 40.33 32.65 0.35
12737382 290.70515 51.90956 13.70 3.54 5023 -0.34 191.43 46.30 0.25
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Chapter 3
Variability in the Kepler Field:
Further Work
The work presented in this chapter draws on themes and techniques introduced in Chapter 2, with
a focus on what we can learn about variable stars and the Kepler exoplanet sample from searching
for chance alignments, or signal blending. To do this, I used a collection of Python codes which
I developed for this purpose, designed to be used on Kepler data. The process of searching for
chance alignments involves two key methods: searching for the true source of a signal by examining
frequency spectra in individual pixels (Section 2.2.2), and performing difference imaging on Kepler
pixel images to find the pixel of maximum variability (Section 2.2.3). I first worked on this code to
study the anomalous high-amplitude peak red giants that feature in Chapter 2, and brought it to
its current form over the course of the studies in Sections 3.2, 3.3, 3.4, and 3.5. This updated code
is publicly available ats https://github.com/astrobel/chancealignments2.
3.1 Distribution and classification of KOIs
3.1.1 Introduction and motivation
During the nominal Kepler mission, targets where transit events were detected were designated
as Kepler objects of interest (KOIs). Each series of transits was flagged with an individual KOI
number, using the format KOI-1.01. A KOI detection is treated as a candidate exoplanet and,
following further analysis, can be confirmed as either the true signal of an exoplanet, or a false
positive. The spatial distribution of stars with these three key classifications is shown in Figure 3.1.
Although the Kepler mission has ended, there remain over 2,000 KOIs that have not been confirmed
as either exoplanets or false positives. This motivates continued study of the KOI sample, as it is
possible that some of these candidate KOIs are exoplanets yet to be discovered. Additionally, the
Kepler mission has been used to provide statistics on exoplanet populations, owing to the reliability
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Figure 3.1: The distribution of stars flagged as KOIs across the Kepler field, grouped by their
classification at time of writing. Left to right: candidate exoplanet hosts, false positives, and
confirmed exoplanet hosts. Note that the preponderance of false positives closer to the Galactic
plane, i.e. at low values of b, is clearly visible in this 2D representation of their distribution.
of four years of continuous observation of the same area. Candidate KOIs have also been included
in many of these studies, e.g. Mulders et al. (2015), Burke et al. (2015). Resolving the status of the
remaining candidate KOIs will lead to greater completeness in such statistics.
In this work, I have expanded upon methods from Section 2.3.1 to examine the spatial distribution
of KOIs across the Kepler field of view (FOV) in relation to their Galactic latitude. I observed and
analysed trends in this data in order to predict how likely it is that any given exoplanet candidate is
either a true signal or a false positive. A caveat in the use of these distributions is that we are only
considering one factor as a determining parameter of a KOI’s classification. There are many other
factors, both intrinsic and observational, which contribute to whether or not we can determine that
a star or stellar system is an exoplanet host, such as stellar inclination, planetary orbital period, and
data quality. Additionally, when calculating the size of a planet from a transit detection, the results
change depending on our understanding of the host star, particularly if that star is intrinsically
variable in a way that could obscure the visibility of planetary transits. The determination of an
accurate stellar radius is particularly important. We will explore the case of a KOI that was initially
mischaracterised as a false positive due to incorrect stellar parameters in Section 3.2. As well as
accurately describing the host star, it is important to know how likely it is that a target is subject
to contamination.
We used Galactic latitude as a proxy measure of contamination. It is hoped that the introduction
of this methodology and the calculated distributions across Galactic latitude can be of use to the
broader scientific community as a statistical tool to identify KOIs for priority study, rather than a
definitive marker of KOI status. Targets which are more likely to present an uncontaminated transit
signal can be prioritised for ground-based follow-up observations. Additionally, the contamination
measure can be compared with other statistical assessments of the probability of a KOI being a true
exoplanet host. We will examine the Galactic latitude statistics alongside results from Robovetter
(Thompson et al., 2015), the automated vetting pipeline for KOIs, in Section 3.1.3.
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3.1.2 Methods and analysis
In this study, we look at the distribution of the KOI population in terms of Galactic latitude (b).
Bryson et al. (2013) note that the majority of false positive exoplanet detections are caused by a
blend with a nearby target, usually a diluted eclipsing binary. However, the majority of blended
false positives were detected early on in the mission. In later data releases, the dominant source of
false positive detections was instrumental systematics. The Kepler field covers an area of relatively
low Galactic latitude, meaning that there is a significant gradient in spatial density across the field,
with more stars observed closer to the Galactic plane. As such, we expect more blending to occur
at low Galactic latitudes.
Figure 3.2 shows the normalised cumulative distribution of KOIs as a function of Galactic lat-
itude, with the KOI population split into the three classifications — confirmed exoplanet hosts,
false positive, and candidates — and compared to a random selection of 10% of Kepler targets.
We sourced all data outlining the classification of KOIs from the cumulative table of KOI Data
Release 25, hosted on the NASA Exoplanet Archive (Akeson et al., 2013) and accessed in December
2017. While the undesignated exoplanet candidates follow the same distribution in Galactic lati-
tude as the random Kepler targets, the distributions of confirmed exoplanets and false positives are
visibly distinct. It is encouraging, however, that all of these distributions follow the same general
shape, conforming to our expectation that there are more stars present at lower Galactic latitudes.
Confirmed exoplanets are more concentrated at higher latitudes, whereas false positives are mostly
towards the Galactic plane. This distribution of false positives is expected, given that the spatial
density of stars is greater closer to the Galactic plane, and aperture contamination is more likely.
Similarly, as there is a greater chance of target blending close to the Galactic plane, it follows that
it is harder to confirm exoplanets at lower Galactic latitudes, and we expect to have found more
exoplanet-hosting stars at higher Galactic latitudes.
We should not rush to declare this the only reason that the distribution of confirmed exoplanet
hosts differs from the distribution of random Kepler targets: there may be other factors causing
a surplus of exoplanet-hosting stars at higher Galactic latitudes, perhaps due to differences in the
stellar population in different regions of the Galaxy. However, whether or not this were the case,
there is a notable observational bias in how likely we are to detect a true exoplanet host, which
is dependent on Galactic latitude. It is this bias which enables us to treat these populations as
predictors of the designation of the remaining candidate KOIs.
There are multiple methods by which we can confirm the classification of a KOI. To make sure
that it is statistically sound to use the two broad classifications of confirmed host and false positive
in this exercise, we must first look at these methods in the same level of detail. The sample of
confirmed exoplanet hosts can be further broken down into those which have been confirmed by
statistical validation methods, and those which have been confirmed by other methods, such as
radial velocity follow-up. We use Morton et al. (2016) as a representative sample of statistically
validated exoplanets. Though this does not account for all statistically validated exoplanets, this
study confirmed 1,284 new exoplanets as well as many that were already known, making it a large
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Figure 3.2: The cumulative distribution of various populations of KOIs as a function of their Galactic
latitude (b). The sample of unconfirmed candidate KOIs follows the same trend as a random
selection of all stars observed by Kepler . The distribution of false positives is skewed towards lower
galactic latitudes, whereas the distribution of confirmed exoplanet hosts is greater at higher Galactic
latitudes.
enough sample for these purposes. The distribution of the Morton et al. is shown in Figure 3.3. We
found little difference between the distributions of exoplanet hosts validated by statistical methods
or otherwise. There are slightly fewer hosts validated by other methods at lower Galactic latitudes,
but this is to be expected due to crowding at the Galactic plane, and the difference is nowhere near
as pronounced as between false positives and confirmed exoplanets.
Similarly, we can examine the different types of false positive detection to see how these contribute
to the overall distribution (see Thompson et al., 2018). This is shown in Figure 3.4. Before discussing
the various types, it is worth noting that none of them pass below the random sample line, showing
that false positives are more likely to occur at low Galactic latitudes no matter the type. It must
also be noted that any given false positive can be confirmed by more than one method; as such,
there is overlap between the categories presented in Figure 3.4. These categories are:
• Non-transiting: The light curve was incorrectly flagged as exhibiting transits. This could be
evidence of binarity, other stellar variability, or systematics in the light curve.
• Stellar eclipse: The transits observed in the majority of false positives KOIs were found to be
eclipses caused by a stellar companion. In many cases, these false positives were flagged due
to the presence of a secondary eclipse, which is unlikely to be visible except in the case of a
large, close-in planet, such as a hot Jupiter.
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Figure 3.3: The cumulative distribution of various populations of KOIs as a function of their Galactic
latitude (b), highlighting the different classifications of confirmed exoplanet. It can be seen that both
the statistically validated exoplanet hosts and those confirmed by other methods closely match the
distribution of all confirmed exoplanet hosts. As in Figure 3.2, we show false positives, candidate
KOIs, and a random sample of Kepler stars, for comparison.
• Centroid offset: These false positives are determined by calculating the location of the max-
imum flux in a pixel image, and noting that it is offset from the position of the star. This
indicates that the source of the variability is coming from a nearby target.
• Ephemeris match: These false positives are identified by examining the period and epoch of
the KOI and finding them to be identical to another target, usually a contaminating eclipsing
binary.
The stellar false positives follow much the same distribution as the combined population of false
positive KOIs; this is not too surprising, as they account for almost half the false positive population.
The non-transiting false positives have a distribution similar to that of the sample of random Kepler
targets, although there are more non-transiting false positives at lower Galactic latitudes, in many
cases due to contamination. For the two false positives categories that are caused by contamination,
we find significant difference from the overall distribution of false positives. The centroid offset
false positives account for the majority of false positives at lower Galactic latitudes, where crowding
is an issue, as shown in the bottom left panel of Figure 3.4. The ephemeris matches are mostly
concentrated towards the centre of the distribution. Reassuringly, however, both categories are far
less present at high Galactic latitudes, as shown in the bottom right panel of Figure 3.4.
The four categories of false positives are more similar in distribution to the overall false positive
distribution than to the random sample distribution. Despite the fact that only two of these cate-
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Figure 3.4: Top panel: the cumulative distribution of various populations of KOIs as a function
of their Galactic latitude (b), highlighting the different classifications of false positive KOIs. The
combined sample of false positives is shown by a thick green line, and is broken down into non-
transiting false positives, stellar eclipses, centroid offsets, and ephemeris matches. Bottom panels:
zoomed in regions to show detail at the lower (left) and upper (right) ends of the Galactic latitude
range.
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Galactic Probability Minimisation
latitude of confirmation tolerance
7 0.39±0.044 0.0002
8 0.43±0.038 0.0005
9 0.44±0.037 0.0001
10 0.42±0.030 0.0001
11 0.45±0.029 0.0008
12 0.48±0.034 0.0002
13 0.53±0.038 0.0004
14 0.59±0.044 0.0005
15 0.59±0.050 0.0002
16 0.53±0.044 0.0002
17 0.60±0.051 0.0001
18 0.59±0.058 0.0002
19 0.61±0.064 0.0001
Table 3.1: The percentage probability of a candidate KOI being a true exoplanet host, dependent
on Galactic latitude.
gories are related to crowding, it is worth noting that, given that most KOIs have more than one
false positive flag, centroid offsets and ephemeris matches account a large part of all false positives.
Therefore, we can conclude that the particular method of false positive designation is not a signifi-
cant factor in the classification of KOIs compared to their Galactic latitude, when compared to the
false positive/confirmed host dichotomy. Similarly, as there is little difference between exoplanet
hosts confirmed by statistical methods or otherwise, we are justified in performing ensemble analysis
on the sample of KOIs broken down into the three principal categories of false positive, confirmed,
and candidate.
Working with the these three main categories of KOI, we began with the assumption that the
candidate KOIs are drawn from either the confirmed or false positive populations. From this, we
described the candidate KOI distribution Dk in Figure 3.2 as a linear combination of the confirmed
(Dc) and false positive (Df ) distributions using the equation
Dk = Dcp+Df (1− p), (3.1)
where p is the probability that the candidate KOI falls in the confirmed host category. We then
determine the optimal value of p for each binned Galactic latitude b such that Dbcp + Dbf (1 − p) is
within a given tolerance of the observed Dbk. We chose 0.0001 as an initial value of the tolerance, and
searched from p = 0.5 to p = 0.99 in steps of 0.1. If no acceptable p was found with that tolerance,
we increased the tolerance in steps of 0.0001 until an acceptable value was found. We then calculate
uncertainties for each p, dividing it by the
√
N uncertainty in the Dbk sample size. The results of
this are summarised in Table 3.1, and plotted on a cumulative distribution in Figure 3.5.
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Figure 3.5: All cumulative distributions are taken from Figure 3.2, with the exception of the can-
didate exoplanet host curve, which has been replaced by the fit obtained using Equation 3.1 in 1°
bins across Galactic latitude. Overlaid are the percentage probabilities showing how likely it is that
a candidate KOI at a given Galactic latitude will be a true exoplanet host.
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3.1.3 Results and discussion
We consider the results for b=6 and 20 to be spurious, so we have not included them in Table 3.1.
For b=6, we find a probability of p = 63±22.2% — this high uncertainty is due to the fact that we
are performing statistical analysis on a small population. For b=20, we find p = 99±12.9%. The
distinction between the confirmed and false positive distributions at b = 20 is negligible, and as such
the fit cannot adequately distinguish between them, and calculates up to a tolerance of 0.001 before
settling on 99%. Neglecting these results, we find an overall trend, showing that we are more likely
to confirm KOIs as exoplanet hosts at higher Galactic latitudes. From this, we can say that Galactic
latitude has a demonstrable effect on the confirmation of exoplanets in the Kepler field. This is not
surprising: in the Kepler field, Galactic latitude is a major factor in crowding. The low probability
of confirmation at low Galactic latitudes follows from having a crowded field with more possibilities
for contamination, which leads to the higher occurrence of false positives. This means that Galactic
latitude is a quick way to estimate confirmation probability in the study of exoplanet candidates in
the Kepler field.
It may seem that, due to the reasoning presented above, this is a result that can be presupposed
from the outset. This is to understate the utility of work that independently proves a common-sense
statement. We undertook this research with no assumptions: Galactic latitude was treated as an
independent variable. The same work could be done in any other parameter space, such as stellar
magnitude or effective temperature. The difference is that intrinsic properties do not necessarily
have any effect on detection when taken in isolation, since there is either a transiting planet around
that star or there is not. On the other hand, crowding effects due to Galactic latitude are directly
dependent on the directionality of all our observations of space, and as such this effect will be
present in every observation of individual stars near the Galactic plane. Treating Galactic latitude
as a semi-intrinsic property places it on the same level as any other intrinsic stellar parameter which
could be used as a predictor of KOI classification. With these results, we have converted it into a
statistic that can be taken into account when prioritising candidate KOIs for further study.
As of December 2019, there remain 2,420 individual threshold-crossing transit events (TCEs)
which are classified as candidates in the NASA Exoplanet Archive, some of which belong to the
same potential host star. We used a linear interpolation across the probabilities in Table 3.1 to
calculate the percentage probability that a given star is an exoplanet host. Because our results at
b=6 and 20 had such high uncertainties, we could only reasonably interpolate these probabilities
for KOIs with 7≤b≤19, which is nevertheless 2,239 of all individual TCEs. We also compared these
probabilities with each TCE’s disposition score (Thompson et al., 2018). The disposition score is
not a probability; instead, it provides an estimate of the Robovetter pipeline’s confidence in its
classification of a TCE as either a candidate or a false positive. Not all KOIs have a disposition
score; for those which do, the disposition score gives us a quick way of filtering out likely false
positives from the sample.
We found that, based on Galactic latitudes alone, 1,093 of these TCEs have p ≥50% of being
a true exoplanet signal, and 63 have p ≥60%. Of these, 31 TCEs also have a disposition score of
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≥90%. These stars are listed in Table 3.2. Though these statistics do not give confirmation in
isolation, they highlight targets subject to minimal crowding which can be prioritised for follow-up
observations. Future work could involve examining cumulative distributions across other parameters,
including intrinsic stellar parameters. It would also be interesting to look at Galactic latitudes for
TESS Objects of Interest (TOIs), once a sufficient number of TESS planets have been discovered.
By reversing the process, we could use the observed cumulative distribution of TOIs to quantify
crowding across the different TESS CCDs.
3.2 Stellar surface rotation in Kepler-1658
Kepler-1658, originally known as KOI-4, is a subgiant hosting a hot Jupiter planet (Chontos et al.,
2019). The designation number KOI-4.01 suggests that this was the fourth planet candidate to be
flagged during the Kepler mission. In fact, the first three KOIs were allocated to known planet
hosts in the Kepler field, TrES-2 (O’Donovan et al., 2006), HAT-P-7b (Pál et al., 2008), and HAT-
P-11b (Bakos et al., 2010). As such, Kepler-1658 is now recognised as Kepler ’s first new planet.
The Kepler-1658 system consists of a subgiant star hosting a hot Jupiter, with a period of 3.85 d.
Additionally, Kepler-1658b is only 0.05 AU from its host star. Subgiants with short-period giant
planets are rare, making this a system of particular interest for exoplanet studies.
Despite this, it was some years before Kepler-1658b was validated. Initially, both a primary and
secondary eclipse were observed. The host star was misclassified as a main sequence star; hence its
measured radius was incorrect, and the planet was determined to be a sub-Neptune. However, this
would have meant that a secondary eclipse should not have been observed. The later reclassification
of Kepler-1658 as a subgiant meant that the transits were being caused by a much larger body,
leading to Kepler-1658 being reconsidered as the host of a hot Jupiter.
This initial confusion was not the only stumbling block in the study of Kepler-1658. Chontos et al.
(2019) obtained a measurement of v sin i for the target using the FIES spectrograph (Telting et al.,
2014), which showed a projected rotation velocity of 33.95±0.97 kms−1. We also detected surface
rotation in the Kepler power spectrum at 2.04 µHz, or 5.7 d−1. This is potentially due to the presence
of a spot, from which we computed an equatorial rotation velocity of 25.82±1.77 kms−1. The
discrepancy between these measurements is notable, suggesting that the surface rotation detection
may be contamination by a nearby star. This was reinforced by the presence of a nearby companion
found using Robo-AO, an adaptive optics telescope (Riddle et al., 2011), and in the UKIRT survey
(Hewett et al., 2006, Warren et al., 2007). The companion is separated from the target by 3.42′′, and
Gaia parallaxes show that it is not physically associated. Nevertheless, being within 4′′ (1 Kepler
pixel) of the target, it is a likely contaminant.
To test whether the surface rotation signal came from the target or the companion, we performed
a detailed inspection of the pixel data surrounding Kepler-1658. We visually inspected every pixel
in the star’s postage stamp for the presence of the peak at 2.04 µHz, and found that it was strongest
in the peaks used for the optimal aperture. However, given that the companion is within 4′′ of the
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Probability Disposition
KIC ID TCE ID from b score
6752002 K04184.01 0.601 0.999
6837146 K01362.01 0.605 1.000
6837283 K02914.01 0.604 0.988
7256914 K04136.01 0.605 0.982
K04136.02 0.605 0.972
7583650 K04614.01 0.610 0.999
7584650 K02631.01 0.603 0.910
7801070 K04361.01 0.605 0.974
7869917 K01525.02 0.609 0.981
7938496 K00900.01 0.609 1.000
7939330 K01581.01 0.603 1.000
7939761 K06934.01 0.600 1.000
8008067 K00316.03 0.605 1.000
8934103 K04009.02 0.602 0.930
9002538 K03196.01 0.602 0.917
K03196.02 0.602 0.983
9202151 K01393.01 0.601 1.000
9936080 K04431.01 0.608 0.998
10584140 K04833.01 0.607 1.000
10907132 K04503.01 0.607 1.000
11072016 K04852.01 0.604 0.919
11125797 K03371.01 0.600 0.998
11338056 K04735.01 0.610 0.973
11443757 K08054.01 0.607 0.995
11752906 K00253.01 0.606 1.000
K00253.02 0.606 0.993
11803074 K05932.01 0.609 0.902
11853878 K01833.02 0.606 1.000
11904704 K07489.01 0.602 0.999
11904734 K01764.01 0.602 1.000
11904835 K08068.01 0.601 0.998
Table 3.2: The percentage probability of individual candidate TCEs being a true exoplanet transit,
dependent on its Galactic latitude (b). The disposition score (Thompson et al., 2018) is also used
to rule out likely false positives.
60 CHAPTER 3. VARIABILITY IN THE KEPLER FIELD: FURTHER WORK
Figure 3.6: The transit indicating the presence of an exoplanet around the planet-hosting subgiant
Kepler-1658 (Chontos et al., 2019).
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Figure 3.7: Light curve of Kepler-1658, phased on 2.04 µHz. The phase plot has been replicated to
show the shape of the rotational modulation. The light curve used was binned into 100 bins, shown
in black. For clarity, we also show 1000 bins in grey. Red vertical lines indicate the regions of the
phased light curve used for difference imaging.
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Figure 3.8: In these images, the star indicates the position of Kepler-1658, and the cross is its
nearby companion. Left panel: Kepler-1658 average image for quarter 7. Right panel: Kepler-1658
difference image for the same quarter, showing that the signal is coming from the target star.
target, this does not guarantee that the target is the source of the rotational signal. To further
probe this question, we performed difference imaging (Bryson et al., 2013, Colman et al., 2017) on
each quarter of data. For this, we used light curves that have been phase-folded on the frequency
of the rotation signal, which we then distributed into 100 bins, shown in Figure 3.7. We used the
data within ±10% of the troughs and peaks of the phased curve to create a difference image, by
subtracting the troughs from the peaks.
The results from difference imaging for Kepler-1658 in quarter 7 are shown in Figure 3.8. The left
panel shows an average of the images across quarter 7, and the right shows the results of difference
imaging. Both images have the position of Kepler-1658 and its companion marked. It is clear from
these images that the rotational signal is coming from the target star, as both images have the
highest flux in the same pixel. This is the case in 11 of the 14 available quarters of long cadence
data for Kepler-1658. In the remaining 3 quarters, the brightest pixel in the difference image is offset
by one pixel from the brightest pixel in the average image, more closely aligned to Kepler-1658 than
the companion. These are quarters 4, 8, and 16; the difference image for quarter 8 is shown in
Figure 3.9. The slight offset between the target star and the brightest pixel can be explained due to
instrumental drift: although the average brightest pixel contains fluxes from both stars, the brightest
pixel in the difference image is only due to contributions from the target.
From this image analysis, we conclude that the rotational signal is indeed coming from Kepler-
1658. This leaves the discrepancy between this measured signal of surface rotation and the observed
v sin i, and would in fact suggest differential rotation between the poles and the equator of between
20 and 40%. The observations would be explained if the spot causing the 5.7 d signal was long-lived
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Figure 3.9: In these images, the star indicates the position of Kepler-1658, and the cross is its
nearby companion. Left panel: Kepler-1658 average image for quarter 8. Right panel: Kepler-1658
difference image for the same quarter, showing an offset between the position of the star and the
brightest pixel that is nevertheless consistent with the signal coming from the target star rather
than the companion.
and at a high latitude. Additionally, combining the observed v sin i with the rotational period
suggests an inclination angle of 90°. From this, Chontos et al. were able to constrain the system’s
obliquity, or the “tilt” of the star’s rotational axis, finding evidence that there may be spin-orbit
misalignment in the Kepler-1658 system. This exciting result ensures that further studies of Kepler-
1658 will improve our understanding of giant planets around evolved stars.
3.3 Red giant–δ Scuti binaries
A large fraction of stars are members of a binary system; such systems have been widely studied for
the purposes of better understanding their role in stellar evolution. We can model binary systems
with high accuracy to extract stellar properties such as their mass and age. One common method of
obtaining these stellar parameters for pulsating stars is by using the asteroseismic scaling relations.
As such, binaries with a pulsating component are of particular interest, as we can compare stellar
parameters obtained by the two different methods to test the validity of the asteroseismic scaling
relations. There are many known binary systems with one oscillating giant component (Gaulme
et al., 2013, Huber, 2015), and a significant number of binary systems containing a δ Scuti component
have been found, many of them using pulsation timing (Murphy et al., 2014). In particular, binary
modelling can help us better constrain the properties of δ Scuti stars (Creevey et al., 2011). To date,
there are no published binary systems consisting of an oscillating red giant and δ Scuti pair, which
would make these stars the first of their kind.
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We noticed the stars investigated in this section during the initial analysis of the sample presented
in Chapter 2. In that work, we studied red giants with anomalous peaks in their frequency spectra,
which mostly indicated the presence of a close binary, either as a companion or a contaminant. In
some cases, these peaks were in fact resolved modes from nearby δ Scuti or γ Doradus pulsators.
We identified several of these as contaminants, but there were several which we could not resolve,
including KIC 6753216 and KIC 9773821. Analysing their light curves in frequency space, we found
two sets of oscillations: one from a red giant, and the other a δ Scuti star. We inspected their
pixel-by-pixel amplitude spectra, as in Section 2.2.2, to see if the signals were coming from the same
pixel. In the following subsections, we outline our analysis of each target.
3.3.1 KIC 6753216
KIC 6753216 is host to two distinct sets of oscillations: red giant oscillations with νmax around
50 µHz, and δ Scuti oscillations at higher frequencies. A section of the light curve for this target,
and an amplitude spectrum, are shown in Figure 3.10. After performing pixel-level amplitude
spectrum analysis, we found that it is unambiguously the case in each available quarter that the
two signals are at their highest amplitude in the same pixel. An example of this, for Quarter 12, is
shown in Figure 3.11.
Simon Murphy confirmed the binarity of the δ Scuti component of KIC 6753216 using pulsation
timing analysis (Murphy et al., 2014). This method converts the phase modulation of individual
modes to time delays, which is comparable to a radial velocity (RV) curve. An RV curve would
normally have to be obtained by long-term observations, using a spectrograph to measure jitter due
to the Doppler effect. If the target in question is a binary, the change in spectral lines over time will
vary in time with the orbital period.
The modes in KIC 6753216 are all quite close together, making them harder to resolve. Nev-
ertheless, it was still possible to perform pulsation timing analysis, which gave an orbital period
of 760.2 ± 7.4 d. The time delay curves are shown in the bottom panel of Figure 3.10. To test
if the red giant is the other component of this binary, Simon Murphy corrected the light curve’s
timestamps to the orbital barycentre of the binary. Jie Yu performed frequency spectrum analysis
on the corrected light curves. Although the difference was slight, the red giant modes in the resulting
frequency spectrum were overall more prominent than in the uncorrected spectrum, which suggests
that the red giant is indeed part of the binary system.
3.3.2 KIC 9773821
We show a section of the light curve for KIC 9773821, and an amplitude spectrum, in Figure 3.12.
This target shows δ Scuti oscillations across the range of frequencies, and red giant oscillations with
νmax around 100 µHz. The source of both sets of oscillations in the pixel-level amplitude spectrum
is not obvious. KIC 9773821 is a bright target, with Kepler magnitude Kp = 9.863, and it has
saturated the CCD, meaning that many of the key pixels do not show any signal at all. However, it
still appears likely that both sources are coming from the same target.
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Figure 3.10: Top: part of the light curve of KIC 6753216. Middle: amplitude spectrum of
KIC 6753216, showing the red giant oscillations with νmax around 50 µHz, and the δ Scuti os-
cillations from about ∼200 µHz to the Nyquist frequency. Bottom: time delays for KIC 6753216,
showing an orbital period of 760.2 d. The variation has a low signal-to-noise ratio, due to the
crowding of the δ Scuti modes for this target. Bottom panel image credit: Simon Murphy.
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Figure 3.11: Top: pixel frequency spectra for quarter 12 of KIC 6753216, with pixels labelled for easy
reference. Bottom: the light curve and associated amplitude spectrum for the pixel in which both
the red giant and δ Scuti oscillations are at their highest amplitude, confirming that both targets
are situated in the same pixel. Note that the red giant oscillations are not significantly above the
noise level; due to their short stochastic mode lifetimes, it is harder to detect red giants in a single
quarter of Kepler data, so instead we note a low-amplitude power excess in pixels where the signal
is present.
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Figure 3.12: Top: part of the light curve of KIC 9773821. Middle: amplitude spectrum of
KIC 9773821, showing the red giant oscillations with νmax around 100 µHz, and the δ Scuti os-
cillations, which are the narrow peaks between the origin and 200 µHz. Bottom: time delays for
KIC 9773821, showing an orbital period of 483 d. Bottom panel image credit: Simon Murphy.
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Figure 3.13: Échelle diagram for KIC 9773821, showing the l = 0 and l = 2 ridges on the left, and
rotational splitting in the l = 1 modes on the right. Image credit: Tim Bedding.
Because KIC 9773821 shows clear δ Scuti oscillations, we were easily able to use time delays,
pictured in the bottom panel of Figure 3.12, to show that the δ Scuti component is in a binary with
a period of 481.92 ± 0.13 d. The red giant oscillations are more resolved than in KIC 6753216, which
means we could analyse them with an échelle diagram, shown in Figure 3.13. This red giant has
clear l = 0, 1, and 2 modes, l = 1 mixed modes, and potential rotational splitting. The measured
period spacings suggest that the star may be a He-burning secondary clump red giant. Based on
modelling, Jie Yu determined its mass to be 2.4±0.11 M. However, it is hard to tell from the
amplitude spectrum of a barycentre-corrected light curve whether or not the red giant is part of
the binary. We required further evidence to determine whether or not KIC 9773821 is a physically
associated system.
3.3.3 Continuing work
We are obtaining spectra for KIC 9773821 from HERMES (Oliver et al., 2012), and for KIC 6753216
from both HERMES and Keck HIRES (Vogt, 1992). RVs for the red giant in KIC 9773821, shown
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Figure 3.14: Radial velocity curves for KIC 9773821. The HERMES RV data for the red giant is
shown in green squares on the purple curve, and it is a perfect fit for binarity with the δ Scuti,
shown as black points on the red curve. This confirms that KIC 9773821 is a binary consisting of
two oscillating components: a red giant and a δ Scuti. Image credit: Simon Murphy.
in Figure 3.14, are perfectly in phase with the time delay signal from the δ Scuti component and
confirm that it is a physical association. As of writing, spectroscopic data are still being collected.
Preliminary results for KIC 6753216 do not support the binary hypothesis, but at this stage we can
strongly conclude that KIC 9773821 is a binary system containing both an oscillating red giant and
a δ Scuti star.
Nevertheless, KIC 9773821 is an exciting discovery, and provides a prototype system for objects
of this type. Doubly-oscillating binaries are rare (e.g. Rawls et al., 2016, Li et al., 2018, Themeßl
et al., 2018), and there were previously none known with red giant and δ Scuti oscillations. This
rarity is, in part, due to the fact that many stars in binaries do not exhibit oscillations — instead,
we observe regular pulsation patterns due to tidal distortion. The KIC 9773821 system is significant
because we observe two different oscillation patterns and no evidence thus far that they have been
affected by tidal forces. With further studies, we will be to build a picture of how — if at all —
these oscillations have been affected by binarity.
3.4 Supplementing machine learning
In Chapter 2 we developed methods for finding blends in Kepler long cadence data, in particular the
detailed analysis of TPF pixel amplitude spectrum plots and difference imagining. These methods
are robust for determining the true source of a signal subject to potential crowding. We contributed
this code to the work done in Hon et al. (2019), where the authors performed a search across all
Kepler long cadence data to find oscillating red giants. Red giant oscillations were detected using a
deep learning algorithm, the 2D convolutional neural network introduced in Hon et al. (2018). This
neural network treats logarithmic frequency spectra as 2D images, and identifies the power excess
indicated red giant oscillations as a feature in the image. In addition to this, the neural network
calculates νmax for stars it detects to be oscillating red giants.
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Figure 3.15: Left: pixel power spectra of KIC 6939062, with the pixels included in the Kepler pipeline
optimal aperture shaded red, and the pixels used in custom photometry marked with a thick blue
outline. The contaminating red giant oscillations are marked in pixel 9. Right: a flux map of the
same frame, with all KIC targets in frame plotted for reference. This shows the contamination
clearly coming from KIC 6939060, confirmed by independent νmax estimation. Figure from Hon
et al. (2019).
This process yielded 21,914 detections of red giant oscillations. Of these targets, 909 of the stars
identified as red giants had radii from Gaia DR2 (Brown et al., 2018) suggesting that they were
main-sequence stars. We supplied the established code for pixel frequency spectrum analysis, which
we paired with an overlay of Gaia DR2 target positions to clarify the source of a potentially contam-
inating signal. This was used to identify potential contaminating red giants. We also compared this
to UKIRT cutouts (Casali et al., 2007, Lawrence et al., 2007) of 1′ around each target, as in Colman
et al. (2017), to aid with identification. Some examples of this process are shown in Figures 3.15
and 3.16.
In all of the 909 cases, we found that the target was a main-sequence star with a light curve
contaminated by a nearby red giant. The reason for this excess of contamination — 4% of all
detections — is due to the apertures used to process the data (García et al., 2011). These custom
apertures are larger than the apertures used by the Kepler processing pipeline. Using a larger number
of pixels for photometry leads to lower noise, and to more stable light curves, since larger apertures
are less likely to pick up inter-quarter variations in flux due to the target’s position on the CCD.
Ultimately, the use of these custom apertures aided with the quality of data for well-known and new
red giants alike, and allowed the serendipitous detection of contaminating red giants. Although 293
of these stars were known Kepler targets, the remaining 616 red giants were not targeted during
the nominal Kepler mission. The majority of these new oscillating are fainter than 14th magnitude,
which suggests the exciting result that we may be observing a population of distant red giants.
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Figure 3.16: An example of a target being contaminated by a star that is not easily identified from
the pixel plot. Left: pixel power spectra of KIC 7254715, with the pixels included in the Kepler
pipeline optimal aperture shaded red, and the pixels used in custom photometry marked with a
thick blue outline. The contaminating oscillations appear in pixels 2 and 3. Middle: a flux map of
the same frame, with all KIC targets in frame plotted for reference. Note that the contaminant,
KIC 7254702, is right at the edge of the frame. An estimated νmax of 0 µHz indicates that the
star is not a solar-like oscillator. Right: a UKIRT image, as in Section 2.3.1, showing the target
and potential contaminants. Compass roses of length 15′′ are plotted on both the middle and right
panels to show relative orientation, with a solid line pointing north and a dashed line pointing east.
Figure adapted from Hon et al. (2019).
3.5 Confirming high frequency δ Scuti stars
With the advent of new TESS data, we have started to uncover new phenomena. In particular,
there is a larger volume of TESS short cadence data than obtained by Kepler , due to the fact
that the TESS orbit is closer to Earth than Kepler ’s was, and it is able to download data more
frequently. Among these short cadence discoveries are a population of high frequency δ Scuti stars
with unusually regular oscillations (Bedding et al., 2020); several examples are shown in Figure 3.17.
These stars are slow rotators, so we can resolve their modes; they are also younger stars with clearer
pulsation frequencies, and in general we are observing them at pole-on inclinations. One of these
stars was noted in Kepler data: KIC 7548479 (Antoci et al., 2011). With TESS , we have begun to
build up a sample of these stars for mode identification and further study.
We studied 60 stars displaying clear high frequency δ Scuti oscillation patterns, and wished to rule
out the possibility that these features in their frequency spectra were coming from multiple targets.
As well as potentially changing our conclusions about the δ Scuti oscillations in this sample, signal
contamination would have an impact on determining stellar parameters with Gaia. We searched for
contamination in this dataset using the previously outlined methods as well as new tools.
Three stars in this study were observed byKepler : KIC 7548479, KIC 84175752, and KIC 9450940.
An example of the data yielded from Kepler short cadence observations of KIC 9450940 is shown in
Figure 3.18. The frequency of these oscillations, as visible in the time series, emphasises the need
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Figure 3.17: An example of several high frequency δ Scuti stars showing clearly regular modes of
oscillation. Image credit: Tim Bedding.
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Figure 3.18: Top: a one-day segment of the short cadence light curve for KIC 9450940, showing
high frequency variation. Bottom: amplitude spectrum of KIC 9450940, plotted up to 1/10th of the
Kepler short cadence Nyquist frequency. The δ Scuti oscillations are visible above 300 µHz.
for short cadence observations to identify and study these stars.
For the three Kepler targets, we were able to use detailed pixel analysis and confirm that there
was no evidence of contamination. Consider KIC 9450940, as above: pixel amplitude spectra are
shown in Figure 3.19. This analysis shows that all pixels which exhibit a signal are showing the
same signal, suggesting that the target is the source of all of these oscillations. To further test this,
we performed difference imaging. Difference imaging involves a phased light curve; we phased the
light curves for these stars on the highest-amplitude mode in the oscillation spectrum. We used the
highest-amplitude mode as representative of the overall oscillations as it contributes most to the
variation in flux that makes difference imaging a useful tool. The difference image for KIC 9450940,
shown in Figure 3.20, makes it clear that the signal is mostly strongly present in the same pixel as
in the average over the whole quarter.
The remaining 57 stars in this study were only observed by TESS . We did not use detailed pixel
analysis or difference imaging to analyse the TESS targets; the size of TESS pixels is comparable
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Figure 3.19: Pixel frequency spectra for KIC 9450940, plotted up to 1/10th of the Kepler short
cadence Nyquist frequency. The optimal aperture, used to create the light curve analysed, is shaded
in pink. It is evident that the signals observed in Figure etc are present in all central pixels. Note
that amplitudes are autoscaled, and some background pixels contain only photon noise and the high
amplitude peak at ∼350 µHz, diluted.
Figure 3.20: Left: image of short cadence pixel data for KIC 9450940, averaged over quarter 3.
Right: difference image of the same data, showing no change in the source of the signal. A compass
rose is shown with 6′′ arms for scale.
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to 5 Kepler pixels square, and as such it would be both harder and less reliable to use the pixel
position of a signal to discern the true source of that signal, though we are looking into developing
methods for this in the future. For both the TESS targets and the three Kepler stars, we used at
the Gaia DR2 catalogue (Brown et al., 2018) to identify nearby stars. The Gaia DR2 catalogue can
be queried directly through Astropy (Robitaille et al., 2013, Price-Whelan et al., 2018), or with the
Lightkurve interact_sky() function (Cardoso et al., 2018). We use both of these utilities to plot
the positions and magnitudes of all Gaia targets in the field of a TPF. For each star, we noted the
Gaia G magnitude of the brightest companion within one TESS pixel, the brightest star in a ring
of 3x3 pixels surrounding the target, and finally the brightest star in the 5x5 ring surrounding that.
We converted these magnitudes to fluxes using
G−G0 = −2.5logF, (3.2)
where G is the Gaia magnitude, and G0 is the Gaia zero point correction, defined as 25.7934 ± 0.0018
(van Leeuwen et al., 2018). We then determined the likelihood of signal contamination based on a
dilution fraction D:
D = 1− F − F1x1 − F3x3 − F5x5
F
. (3.3)
For the majority of the stars, we found no companions within one TESS pixel, which results in a
very low D. For 11 stars, we found two targets within one TESS pixel. This could indicate that they
are the resolved components of a binary system, as detected by Gaia, or it could simply be crowded
field contamination. The magnitudes of these stars and their companions are shown in Table 3.3.
Even in these cases, the dilution fraction is generally very low. Three of these stars are marked as
binaries in the Washington Double Star Catalog (WDSC) (Mason et al., 2001), and indeed, these
are the stars that exhibit the highest dilution fractions. We note that two of them, TIC 9147509
and TIC 117766204, have Gaia parallaxes that indicate binarity. A third star, TIC 71134596, is
not flagged in the WDSC but nevertheless appears to be a resolved binary. None of these stars
have D >50%; the highest is TIC 117766204, which has a D =∼49%. Not noted in Table 3.3 is
TIC 150272131, which has a D =30% from bright companions outside the 1 pixel boundary.
We assume that any dilution is evident in reduced amplitudes, but that the background stars have
not contributed any contaminating oscillations, as all 1 pixel companions are of lower magnitude
than the target stars. Furthermore, we assume that the binarity of the stars identified in Table 3.3
has no influence on their modes of oscillation, as there does not appear to be a discernible difference
in their oscillation spectra compared to those of stars that are unlikely to be binaries.
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TIC ID Target G mag Companion G mag Dilution fraction
*9147509 9.616 10.792 0.361
43363194 7.714 16.71 0.427
71134596 9.197 14.324 0.021
100531058 8.641 16.706 0.001
*117766204 7.566 8.354 0.488
124381332 9.715 16.411 0.009
172193026 9.24 17.737 0.020
176400189 8.969 16.209 0.016
248439776 9.717 17.998 0.012
*269792989 7.921 10.187 0.210
294157254 8.992 16.816 0.001
Table 3.3: An abridged version of the statistics used to contribute to the dilution fraction, as
calculated in Equation 3.3. In this table, we only show stars with a companion within one pixel.
Known binaries within a separation of less than one TESS pixel, as noted in the Washington Double
Star Catalog (Mason et al., 2001), are marked with an asterisk.
Chapter 4
Image Subtraction Photometry:
Methods
During the nominal Kepler mission, the telescope observed an impressive 150,000 stars in long
cadence, and 512 per quarter in short cadence. Compared to the several million stars in the field,
this places a limit on completeness of field studies. The mission only downloaded 3 full frame
images (FFIs) per quarter; not enough to perform meaningful photometry on stars that were not
individually targeted. Areas near the Galactic plane and in stellar clusters were under-targeted, as
the higher levels of crowding makes it harder to isolate individual stars. There is little we can do to
extend the number of targets in the Galactic plane apart from serendipitous finds in the background
of TPFs, but the Kepler clusters are a much better bet: the open clusters NGC 6791 and 6819 were
targeted by “superstamps,” 200x200 pixel images covering the clusters at the Kepler long cadence
of 30 minutes. Only a fraction of stars within these superstamps were targeted in the usual way,
leaving many more still to be analysed.
We will explore two methods of stellar photometry in more detail, with a particular focus on
image subtraction photometry, also known as difference imaging. We will review several extant
applications of image subtraction, and then we will detail our algorithm. We will then discuss the
implementation of the image subtraction algorithm on the Kepler open clusters NGC 6791 and 6819,
and the process of light curve vetting and analysis. Finally, we present results from running the
pipeline on thousands of cluster members.
4.1 Aperture photometry
Before covering image subtraction photometry, we begin with an introduction to the procedure that
underpins it. Aperture photometry, as the name suggests, is the basic practice of selecting a pixel
aperture surrounding a target, and then adding together those pixels (potentially with weighting)
to calculate flux. We can also define an annulus around the aperture to estimate the background
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flux, which can be subtracted from each frame prior to photometry to create a more accurate time
series.
The main benefits of simple aperture photometry (SAP) are that it is easy to implement and
fast to process. Most complications in its implementation arise from defining the aperture. The
SAP time series provided by Kepler used apertures informed by the point spread function (PSF).
A PSF is a measure of the CCD’s response to a point source of light, such as a star. The Kepler
PSF changed across the telescope’s FOV, and as such it was modelled for each target individually.
This led to apertures of varying sizes, as in Bryson et al. (2010). There is also an official Kepler
data product of detrended time series (Thompson et al., 2016), using the subtraction of cotrending
basis vectors (CBVs) to remove systematics and trends from spacecraft pointing and jitter. The
CBVs were calculated to fit the most common systematic trends in the data, in particular long term
trends that arise from pointing drift. This method is called pre-search data conditioning (PDC)
(Stumpe et al., 2014), as it occurs prior to the search for transits in Kepler data. Its implementation
follows after the background subtraction step of SAP: even with an accurate aperture, SAP retains
systematics from the pointing of the telescope which collected the data.
SAP and PDCSAP are the default methods of time series data delivery for Kepler and K2 targets.
However, using the Kepler target pixel files (TPFs), one can also perform custom photometry on
any targeted star. This is a particular imperative for K2 data, which are harder to process due to
the six hour pointing drift. There are multiple sets of K2 time series data available from different
pipelines (e.g. Vanderburg & Johnson, 2014, Lund et al., 2015), all hosted on MAST. Other Kepler
and K2 photometry has involved innovative approaches to obtain time series data for bright and
non-targeted stars (Pope et al., 2016, White et al., 2017, Pope et al., 2019).
4.2 Image subtraction
The method of photometry that we focus on in this study is known as image subtraction. It is
also called difference imaging, or differential image analysis, in some literature, but we use image
subtraction to distinguish from the false positive vetting procedure which we term difference imaging,
as in Section 2.2.3. Image subtraction was first was introduced by Tomaney & Crotts (1996), and
refined into today’s widely-used algorithm by Alard & Lupton (1998), from whom we adopt the
term. Image subtraction was proposed as a method to offset poor seeing in ground-based telescopes.
Alard & Lupton used a kernel convolution to realign each frame in the time series so that the target
is centred on the same point. Following this, they created a reference image from an average of the
twenty frames with the best seeing. The reference image was then subtracted from each individual
frame, the step that gives the method its name. This subtraction allows for the removal of all non-
variable signal. Following the subtraction, Alard & Lupton performed aperture photometry on each
image, reconstructing any variable signal into a time series. This makes image subtraction an ideal
method for studying stellar variability and probing crowded fields.
Since the introduction of the image subtraction method for photometry, its primary use has been
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Figure 4.1: 5x5 cutout example showing KIC 2437745, an ellipsoidal binary in NGC 6791.
on ground-based data. However, various image subtraction algorithms have been developed for use
on Kepler and TESS . The most common is the FITSH package (Pál, 2012), which includes utilities
that have been used by Soares-Furtado et al. (2017) and Wallace et al. (2019) on K2 cluster data,
and in the Bouma et al. (2019) search for exoplanets in TESS open clusters. There is also the Causal
Pixel Modelling method for Kepler data (Wang et al., 2017), an alternative approach that uses pixel
models instead of the PSF, and the DIA pipeline (Oelkers & Stassun, 2018), which is designed to
perform image subtraction photometry on TESS data.
In this study, we introduce a new method for image subtraction photometry. Our implementa-
tion of image subtraction photometry differs from these methods in that it does not perform the
convolution step. We created our reference frame by taking an arithmetic mean of all frames, fol-
lowing a process of realignment that ensured that the target was centred on the same point in all
frames. Alignment is a key issue when dealing with images from spacecraft, as we need to account
for pointing drift. Our implementation of the algorithm used a process of resampling and realign-
ment to correct for this. The resampling step used a bilinear interpolation to redistribute flux into
a sub-pixel structure, and the realignment step involved a further interpolation, this time using a
target centroid measurement to redistribute the flux accordingly. We present a detailed outline of
this method in the following section.
4.3 The image subtraction algorithm
We performed image subtraction photometry on one 90-day quarter of data at a time. We will
further elaborate on some of the details of implementation in Sections 4.4 and 4.5, and cover the
specifics of using this algorithm on Kepler superstamp data in Section 4.6. A Python implementation
of this algorithm for use on the Kepler superstamps of NGC 6791 and 6819 can be found at https:
//github.com/astrobel/superstamp_subtraction.
1. Beginning with a quarter of Kepler superstamp data, we obtained a 5x5 pixel square cutout
around the target star, as in Figure 4.1. This put our data in a format akin to a Kepler TPF
— that is, a series of postage stamp images (here termed “frames”) taken over a period of
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Figure 4.2: Left panel: 5x5 cutout of KIC 2437745, resampled using bilinear interpolation. Right
panel: 5x5 cutout of KIC 2437745, resampled using bicubic interpolation. Note the haloing and
edge effects, which led us to choose bilinear interpolation for this process.
time. We found the image centroid in pixel coordinates, calculated within a 3x3 pixel square
around the target. We calculated the centroid using the equation for the first moment of an
image, ∑
xifi∑
xi
, (4.1)
where xi are the pixel coordinates along the x axis and fi are the flux values in the corre-
sponding pixels. We used a similar equation for the y axis.
In general, we found that the centroid shift for a Kepler target is on order several hundredths
of a pixel. Although small, this is significant, and consistent across all targets within the
superstamps. We will discuss the centroiding process in greater detail in Section 4.4.
2. We prepared the two-dimensional time series data for photometry by resampling each frame to
have a large number of pixels per 4′′ Kepler pixel, as in the left panel of Figure 4.2. Resampling
allowed for easier redistribution of flux according to the measured centroid. We included an
interpolation at this stage to create a true distribution of fluxes across the new, finer resolution
image. By inspecting the quality of light curves at various resampling factors, we found that
a factor of 20 was sufficient for high quality photometric data. In practice, we used a factor of
21; the odd number of pixels per axis allowed for a perfectly centred circular aperture.
We performed the resampling using scipy’s rectangular bivariate spline interpolation function-
ality (Virtanen et al., 2019). We used bilinear interpolation for this process, which interpolates
using a linear function for each axis. In general, cubic interpolation methods are preferenced,
as the cubic function is assumed to give a better fit. Bilinear interpolation is slightly less com-
putationally intensive than bicubic interpolation; however, its main advantage in this study is
due to the fact that bicubic interpolation results in flux dilution due to a signal overshooting
effect. This means that bicubic interpolation leaves the interpolated image with a blurred look.
Bilinear interpolation is better at preserving fluxes, and retains a certain level of detail that
bicubic does not, which is useful for understanding the structure of signal sources. Addition-
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Figure 4.3: One frame of data for KIC 2437745, showing the results of image subtraction. Note that
there is high amplitude variability from the target, as well as a companion star to the top right.
Multiple variable stars in the same aperture can lead to blending when using image subtraction
photometry, so we select apertures to avoid this, as discussed in Section 4.5. The low amplitude
positive and negative variation is due to small fluctuations between the individual frame and the
average.
ally, the scipy implementation of bicubic interpolation results in pronounced edge effects at
the borders of the 5x5 cutout. An example of this is shown in the right panel of Figure 4.2.
3. Again using interpolation, we shifted each frame to move the centroid to the centre, and then
took an average of all the realigned frames to use as our reference frame. We calculated the
range of fluxes in the average frame, and selected the pixels with fluxes in the bottom 5% of
that range to determine a value for the background flux. We subtracted this background from
each frame.
4. Next, before performing the photometry, we defined an aperture around our target. Image
subtraction isolates and measures variability, but in the case where multiple variable stars are
nearby in a crowded field, it is necessary to limit the aperture to avoid the blending of multiple
signals. The apertures we used were 2-D arrays with the dimensions of the average frame, with
pixel values from 0 to 1, indicating weighting. We tested various apertures throughout this
study, which we will cover in more detail in Section 4.5.
5. The final step is the image subtraction itself. First, we subtracted the reference frame from
each individual frame. The result of this subtraction for one frame is shown in Figure 4.3.
This removed any non-variable flux that may be in the aperture and accentuated any variable
signal. Then, we added together the flux from each individual pixel, weighted by the chosen
aperture, making a single point in the time series data. We repeated this for each frame.
Finally, we added the aperture sum to each point in the time series, giving the time series
point a flux value. Figure 4.4 shows the uncorrected time series for the example star used
throughout this section.
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Figure 4.4: Top panel: light curve of KIC 2437745, produced using image subtraction photometry.
Dashed lines indicate quarter boundaries. Bottom panel: the above light curve corrected as in
Section 4.7 and phased to show variability. Note that the phase has been reduplicated for clarity.
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Figure 4.5: Stars used for ensemble centroid calculation in NGC 6791, plotted on an image of the
200x200 superstamp.
4.4 Cluster centroids
The image subtraction algorithm presented by Alard & Lupton (1998) used a kernel convolution
method to account for imperfect seeing from ground-based data. AsKepler is a space telescope, it has
perfect seeing, and this is not necessary. However, we still needed to ensure perfect alignment between
the reference frame and each individual frame. The most popular image subtraction algorithm for
Kepler and TESS data, FITSH (Pál, 2012), retains the convolution step to perform this realignment.
However, the FITSH implementation of image subtraction does not involve resampling. Alongside
resampling, we introduced a centroiding process, which allowed us to use interpolation to redistribute
flux on a finer pixel grid. The overall change in centroid position over one quarter can be as much as
20% of a Kepler pixel. For the process of realignment, we converted the centroid measurements from
pixel coordinates into distance from the middle of the 5x5 cutout. To precisely realign these frames
without interpolation, we would need to resample by a factor of 100. However, the computational
time involved in this would be untenable as part of a pipeline designed to run on thousands of stars.
We found that interpolation on a grid resampled by a factor of between 20 and 30 yielded high
quality results, without sacrificing computational time.
In practice, we did not necessarily perform the centroid calculation for each target. Calculating
the centroid of a star in a crowded FOV is unreliable because there are so many nearby sources of
flux, many of which may be brighter than the target star and cause an incorrect measurement of the
84 CHAPTER 4. IMAGE SUBTRACTION PHOTOMETRY: METHODS
Figure 4.6: Stars used for ensemble centroid calculation in NGC 6819, plotted on an image of the
200x200 superstamp.
target centroid. To deal with these cases, we calculated an ensemble centroid for each cluster. We
chose the 100 brightest members in each cluster, discarding any stars which were missing quarters
due to being near the edge of the superstamp. The distribution of these stars across the superstamp
is shown in Figure 4.5 for NGC 6791, and Figure 4.6 for NGC 6819. We calculated the centroid
measurements across each quarter for each of these stars. We created the ensemble centroid by
taking an average of each centroid measurement, and then converted this into a pixel distance by
subtracting the median. The results of this calculation are shown in Figure 4.7. Note that centroid
patterns repeat every four quarters, due to the orientation of the Kepler telescope meaning that the
cluster is once again falling on the same CCDs.
One advantage of the ensemble centroid is in computation time: the centroid calculation is the
most time-intensive stage of the code, owing to the fact that it deals with individual pixels in tens of
thousands of frames for each star. We reduced the computation time from ∼ 20 minutes including
centroid calculation to ∼ 4 minutes with the pre-prepared ensemble centroid. It is also a better
alternative for faint and/or crowded stars, where a direct centroid measurement could easily be
skewed by nearby contaminants.
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Figure 4.7: Ensemble centroid measurements for each quarter, for NGC 6791 and 6819 respectively.
The colour scale indicates time, with blue being the beginning of the quarter and yellow the end.
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Figure 4.8: The six apertures that we used in the initial run of the image subtraction code, overlaid
on example star KIC 2437745. Top row: apertures that do not take into account resampling: a 1x1
pixel, a 3x3 cross, and the entire 5x5 cutout. Bottom row: circular apertures of increasing size.
4.5 Aperture selection
For the initial run of the image subtraction code, we used six different apertures, in order to assess
which would best suit each target. These six apertures are shown in Figure 4.8. We chose three
apertures to align with full Kepler pixels (a single pixel, a cross shape of five pixels centred on the
target, and 5x5 Kepler pixels), and three apertures to follow the resampled pixel dimensions (circles
of increasing size centred on the target).
Using a range of aperture sizes enabled us to easily identify contamination by noting any signals
that appeared stronger in larger aperture masks. However, these masks had various issues that
made them unsuitable for this study. The first two apertures in Figure 4.8 were shaped roughly
to mimic the PSF of Kepler stars in crowded regions, however this meant that they followed the
boundaries of Kepler pixels, which became meaningless after resampling. The largest aperture, the
unmasked 5x5 cutout, introduced much more noise than any of the other apertures, and increased
the risk of contamination by nearby variable targets. Finally, we found that the circular apertures
were unreliable, as it was difficult to predict which would provide the best light curve for any given
star.
For all further runs of the pipeline, we used a single aperture, a weighted Gaussian mask with its
width adjusted based on magnitude and crowding, which we represented with an isolation parameter.
To obtain this parameter, we estimated magnitudes for each target using the unmasked 5x5 cutout
as our aperture, and then compared these to the catalogue values of the Kepler bandpass magnitude
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(Kp), calculated for every star in theKepler Input Catalogue (KIC) using high-resolution photometry
from 2MASS and Sloan (Brown et al., 2011). To obtain the cutout magnitude (M5x5), we summed
the flux in each quarter and compared to a reference star, then took an average across all quarters.
We calculated the flux for each quarter using
M5x5 = Mref − 2.5log10
(
F
Fref
)
. (4.2)
We chose one isolated, bright target in each cluster to act as a reference star. The reference star
for NGC 6791 was KIC 2436824, with Kp = 14.515 and Fref = 29292 counts, and for NGC 6819 we
used KIC 5111949, with Kp = 12.791 and Fref = 106088 counts. Both stars are red giants.
We systematically underestimated the magnitudes for fainter stars — that is, our calculated Kp
was systematically brighter — as the 5x5 aperture captured additional flux from neighbouring stars.
However, this information was of use as a measure of a target’s isolation in any given 5x5 cutout.
Once we obtained M5x5 for each target, we calculated an isolation measure I using
I = 12.5Kp−M5x5 , (4.3)
A 5 magnitude difference leads to a factor of 100 difference in flux, by definition; a difference of 1
magnitude in flux is therefore 5
√
100, or a factor of 2.512. We use the value 2.5 in Equation 4.3 as
an approximation of this, and then invert the brightness ratio to produce the isolation measure. To
illustrate this, we show M5x5 plotted against Kp for both clusters in Figure 4.9.
By subtracting M5x5 from the catalogue Kp, converting to a brightness ratio and then inverting
this value, we ensured that I > 1 when M5x5 > Kp, and 0 < I < 1 when M5x5 < Kp. In other
words, I < 1 indicates that we have overestimated the target’s brightness, and therefore that we
must use a smaller aperture to reduce the effects of crowding.
The base aperture for photometry was a normalised 2D Gaussian weighted pixel aperture, with a
σ of 1 Kepler pixel. We scaled the aperture by multiplying σ by an adjusted isolation measure. For
this process, we placed two constraints on I: first, we set all targets with M5x5 > Kp to I = 1. We
found that too large an aperture introduced excess noise to the resulting light curves, often at the
expense of signal. As such, we found that the standard aperture as described above was sufficient
for all fairly isolated stars, no matter their magnitude. The second constraint was for targets with
M5x5 < Kp, where we scaled I to lie within the range 0.25 < I < 1. This avoided producing
comically small apertures for extremely crowded stars, such as those with M5x5 − Kp > 2. The
distribution of modified isolation measures for each target is shown in Figure 4.10.
Following the creation of an aperture, we multiplied each subtracted frame in the time series by
the Gaussian aperture, which scaled the fluxes according to pixel weighting. We show an example
of a Gaussian aperture in Figure 4.11. For crowded targets with M5x5 < Kp, the adjusted aperture
decreased the weighting on pixels subject to contamination. Due to the logarithmic nature of
magnitudes and hence the isolation measure, the base aperture did not change perceptibly for targets
whereM5x5 is close to Kp. However, only 143 targets in NGC 6791 and 26 targets in NGC 6819 were
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Figure 4.9: The magnitudes calculated in this study compared to magnitudes from the KIC, with
a one-to-one line shown in black. Each point is colour-coded according to the isolation measure,
calculated using Equation 4.3. Targets in NGC 6791 are shown on the left, and NGC 6819 on the
right.
Figure 4.10: The magnitudes calculated in this study compared to magnitudes from the KIC, with
a one-to-one line shown in black, as shown in Figure 4.9. Points are colour-coded by the adjusted
isolation measure, which we used to scale weighted Gaussian apertures for photometry.
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Figure 4.11: An example of a weighted Gaussian aperture, overlaid on a 5x5 cutout of KIC 2437745
which has not been resampled. Pixels with lower weighting appear grey.
processed with no change to the base σ = 1 Kepler pixel aperture; as is expected in open clusters,
the remaining stars were subject to brightness contamination due to crowding, and processed with
smaller apertures.
4.6 Running the pipeline
Although this image subtraction pipeline was designed to work on any target within the Kepler
superstamps, we focused our study on cluster members. We use memberships determined by Jason
Drury (PhD thesis in prep.). This membership analysis was performed on stars in a catalogue cross-
matched between the KIC and the second Gaia data release (DR2); as such, there are completeness
issues for faint stars and some eclipsing binaries (Riello et al., 2018). Taking into account parallaxes
and proper motions from the Gaia catalogue, the membership pipeline used a Gaussian mixture
modelling (GMM) procedure to return a mean Gaussian probability for stellar membership, as well
as a standard deviation on that value. In general, mean probability ≥ 0.03 suggests that a star is
a likely cluster member. We also enforced a maximum standard deviation of ≤ 0.3, removing stars
for which the GMM procedure returned uncertain results. We excluded foreground stars by using
the lower bound distance estimate for each star. We selected for stars with a distance lower bound
of 2000 pc for NGC 6791 and 800 pc for NGC 6819. Finally, we narrowed this down to stars that
are within the superstamps, searching within 5 pixels either side to account for superstamp position
drift between quarters. This had the disadvantage of selecting a few targets stars that are never
on the superstamps, but also widened the coverage for members that may have only fallen on the
superstamps in one quarter group, allowing us to recover at least 4 quarters of data. However, the 5
pixel drift was generous, as the drift between quarters is greater along the vertical axis of the stamps
than the horizontal; we removed targets lying without these bounds from our sample. This process
resulted in 1,458 members for NGC 6791, and 1,247 for NGC 6819. Colour-magnitude diagrams
(CMDs) for both clusters, colour-coded by mean Gaussian probability for stellar membership, are
shown in Figure 4.12.
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Figure 4.12: CMDs for NGC 6791 and NGC 6819, colour-coded by membership probability, using
Gaia photometry.
We ran the pipeline on these stars using a high performance computer (HPC), which has twelve
cores. We used GNU Parallel (Tange, 2018) to decrease runtime. We processed each star with two
different variants of image subtraction photometry, i.e. target and ensemble centroiding methods,
and one custom simple aperture photometry (SAP) pipeline. This SAP pipeline included non-
interpolative resampling for fair comparison between data in the same apertures; we did not perform
any interpolation, as that is a feature of the image subtraction algorithm, and this SAP was designed
to closely mimic standard Kepler SAP. For the initial run, we also ran each star through six apertures,
as outlined in Section 4.1. For subsequent runs of the pipeline, we used a single aperture, which
further reduced runtime to under 3 minutes per star when using the ensemble centroid method.
Using the target centroid method increases the runtime to approximately 18 minutes per star, as
this method includes centroid calculation as part of the pipeline rather than as a one-off calculation
before performing any photometry. In Section 4.7, we will discuss results which definitively show
that the ensemble centroid method produces better light curves for crowded field stars.
4.7 Light curve analysis and vetting
After the pipeline conducted photometry for each star, we performed light curve corrections, and
produced an amplitude spectrum from each light curve using a Lomb-Scargle periodogram. We visu-
ally identified variable signal in the amplitude spectra, which we then used to classify the stars. The
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corrected light curve and amplitude spectrum for KIC 2437745, the example star from Section 4.3,
are shown in Figure 4.13.
The light curve corrections involved an iterative high pass filter and 3σ outlier clipping process,
which was applied in three iterations to each individual quarter. We performed the high-pass filter
by first smoothing with a Gaussian of width 100d. Normally, we would divide the light curve by
the Gaussian curve, and this would guarantee normalisation. However, in crowded fields, the con-
tribution of extra flux from contaminating stars means that a subtractive filter is more appropriate,
as the photon noise present is due to additive sources. In addition to that, the contaminating flux
changes between quarters, due to the differences in pixel sensitivity across different CCD modules.
This led to significant variation in the scatter between time series points across different quarters,
which introduced noise into the periodogram calculation. Figure 4.14 shows the median amplitude, a
measure of noise, as calculated in eight bins of equal width across the amplitude spectra for seventeen
quarters of data for KIC 2569752. To account for both contamination and scatter, we subtracted
the Gaussian curve from the raw flux, instead of dividing. Then, after processing each quarter, we
calculated a mean flux. We then divided each quarter by the mean of those means, leading to more
uniform light curves, such as the one exhibited in Figure 4.13. This method was optimal for the
majority of stars; there are some targets where custom corrections will need to be performed for
further analysis.
One issue we could not solve with light curve corrections is the presence of multiple variable
signals, or the signal of a nearby bright contaminant, within one aperture. Due to the nature of
the image subtraction algorithm, these targets will remain blended, and we had to manually check
for contamination. Using the initial apertures used to test the pipeline, we identified contaminated
light curves based on relative signal strength in apertures of increasing size. We combined this
identification with the pixel amplitude spectrum analysis method from Section 2.2.2 to discern the
true source of these signals, and inspection of individual image-subtracted frames (as in Figure 4.3)
to see where variable signal was strongest. The combination of these three methods meant that we
are highly confident in our determination of false positives and contamination.
For both clusters, we visually inspected the image subtraction light curves and associated am-
plitude spectra for evidence of variability. The categories we use for classification are: oscillating
red giant, binary star, surface rotation, other variable (chiefly classical pulsators), and no signal.
We identified 174 variable targets in NGC 6791, and 249 in NGC 6819. We will discuss these in
further detail in Chapter 5. We also used the amplitude spectrum to create a noise measurement
in 8 bins between 0–280µHz, by taking the median of the amplitude spectrum in that bin. The 8
bins serve as a sanity check, but it is the final bin, 250–280µHz, that we used as a noise measure
for the star. We expected to find many red giants in both clusters, where there was likely to be a
low-frequency red noise profile due to granulation; because of this we took the higher frequencies
as a fair estimate of photon noise. We then used this to calculate a signal-to-noise ratio, where
the signal was taken as the highest amplitude present in the spectrum. Figure 4.15 shows noise
and signal-to-noise vs magnitude for both clusters. Despite the aperture sizes scaled to minimise
excessive contamination by nearby targets, we still see some targets with artificially low noise due
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Figure 4.13: Top panel: corrected light curve for KIC 2437745. Middle panel: close-up of Quarter
9. Bottom panel: amplitude spectrum calculated for all 17 quarters of data, showing evidence of
ellipsoidal variability.
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Figure 4.14: Median amplitude calculated in eight bins across seventeen quarters of data for
KIC 2569752, after we have filtered the raw time series data by dividing by a Gaussian filter.
The different symbols indicate quarters which fall on the same CCD module as one another. Note
that quarters which fall on the same CCD module have roughly the same average noise levels, except
for quarters 1 and 17, which are shorter than all other quarters and thus exhibit higher median noise
in general.
to high shot noise introduced at the final step of the image subtraction algorithm, the addition of
the average flux. However, we have also managed to maximise the signal-to-noise ratios for these
targets by our careful aperture choice, so we see no dilution in signal amplitudes below a strict lower
limit that is a function of magnitude.
We further compared these data for the two methods of measuring the centroid, as outlined in
Section 4.4. In the following figures, we show results for NGC 6791, as they are similar for both
clusters. In Figure 4.16, we show the measured noise and signal-to-noise ratios, with the ensemble
centroid on the x axis and the target centroid on the y axis, colour-coded by isolation measure.
We found that the ensemble centroid performed better across the board, producing lower noise
levels for almost all targets, not just crowded ones, and generally higher signal-to-noise ratios. This
leads us to suggest the ensemble centroid method as favourable for future applications of image
subtraction photometry; it has the additional advantage of saving significant computational time.
We also compared to the output of a custom SAP pipeline, as described in Section 4.6. As shown in
Figure 4.17, we found that SAP produced noisier light curves for fainter; however, image subtraction
tends to be noisier for brighter targets. Encouragingly, we found that image subtraction recorded
higher signal-to-noise ratios for the majority of detected variable targets, regardless of their noise
levels or magnitudes. This proves that image subtraction performs as expected when it comes to
favouring variability, and produces better results than SAP on the same data.
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Figure 4.15: Top panels: noise vs Gaia G magnitude plots for both clusters. Bottom panels: signal-
to-noise vs Gaia G magnitude. NGC 6791 is on the left and NGC 6819 is on the right. All plots
use noise and signal-to-noise measures as outlined in Section 4.7.
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Figure 4.16: Left panel: noise measures for the two different methods of centroiding on NGC 6791,
with the ensemble centroid on the x axis and the target centroid on the y axis. Right panel: signal-to-
noise measures plotted for the same two centroiding methods. All targets are colour-coded based on
their adjusted isolation measure, or aperture size, with brighter points being more isolated; targets
where signal was detected are in colour, whereas non-variable targets are in greyscale. Note that we
do not plot the S/N ratio for non-variable stars, as it is determined based on the highest-amplitude
peak of variability, which becomes arbitrary in an amplitude spectrum dominated by noise.
Figure 4.17: Left panel: noise measures for NGC 6791, with image subtraction on the x axis and
custom SAP on the y axis. Right panel: signal-to-noise measures for image subtraction and custom
SAP. Points are colour-coded as in Figure 4.16.
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Chapter 5
Image Subtraction Photometry:
Results
In this chapter, we will present the results from running our image subtraction pipeline on the Kepler
superstamps of NGC 6791 and NGC 6819. For each cluster, we will discuss the overall nature of
the variable population. From analysis performed following the methods outlined in Section 4.7, we
will look at the yield of the three main classes of variable found in each cluster: rotational variables,
binaries, and solar-like oscillators. We will also explore blue stragglers and other CMD outliers, as
well as discussing data anomalies and artefacts. When focusing on specific stars, note that we quote
KIC effective temperatures to two significant figures.
Throughout this chapter, we will compare our finds to previous studies of both clusters. There are
stars included in many of these studies that were not included in our cluster membership catalogue.
In most cases, this is likely due to those stars falling outside the range of the superstamps. In other
cases, our membership determinations have ruled out particular targets, and stars are missing due
to lack of completeness in our catalogue for faint stars and some eclipsing binaries. For further
discussion of stellar memberships, see Section 4.6.
5.1 NGC 6791
NGC 6791 is one of the oldest known open clusters, with an age of 8.2±0.3 Gyr (McKeever et al.,
2019). It also has an unusually high metallicity of +0.313±0.005 dex (Villanova et al., 2018), which
indicates that it formed in the Galactic thick disk. As such, many studies have focused on its age
and chemical composition. We will touch on some of those studies throughout this section; however,
our focus is stellar variability.
We have produced light curves for 1,458 members of NGC 6791. Of these stars, 1,279 were not
targeted at all during the nominal Kepler mission, and there are 14 stars where we have increased
the length of time series data available. We recover variable signal from 174 of these stars, shown on
97
98 CHAPTER 5. IMAGE SUBTRACTION PHOTOMETRY: RESULTS
Fully targeted Partially targeted Not targeted Total
Rotators 2 1 8 11
Binaries 4 2 62 68
Oscillating red giants 64 25 7 96
Other oscillators 1 1 0 2
Non-variable 27 57 1,200 1,284
All 96 83 1,279 1,458
Table 5.1: A summary of variability in NGC 6791. Note that one star is included as both an
oscillating red giant and a binary, and two stars are included as both a binary and an “other”
oscillator.
a CMD in Figure 5.1. In particular, we have new light curves for 77 variables. Among the variable
stars we have detected are binaries, surface rotators, oscillating red giants, one γ Doradus star, and
one pulsating subdwarf. A summary of the different types of variables found in NGC 6791 is shown
in Table 5.1. Note that there is overlap in this table: one star is included as both an oscillating red
giant and a binary, and two stars are included as both a binary and an “other” oscillator.
5.1.1 Surface rotation
Rotation in the Kepler field has been extensively studied, and as such we can expect that most
signals of rotation in long cadence targeted stars were included in comprehensive studies of Kepler
rotation by McQuillan et al. (2014), Reinhold & Gizon (2015), and Santos et al. (2019). We now
have light curves from the superstamps for untargeted stars, to extend such studies. For purposes of
gyrochronology, we are interested in signals of rotation that fall within the expected range for surface
rotation periods for cool main sequence stars. Meibom et al. (2011) introduce a period-age-mass
relation that defines expected rotation periods for cool main sequence stars; they give this range
for NGC 6791 as ∼35–65d, or ∼0.18–0.33µHz. These are low frequencies, and we detect only three
stars that appear to be rotating with periods in this range. We show their amplitude spectra in
Figure 5.2. Two of these stars, KIC 2437317 and KIC 2438151, were targeted for 17 quarters of long
cadence data, and have been included in previous studies of rotation across the Kepler field. They
have periods of 36.8±0.2 d and 48.3±0.4 d respectively. The third, KIC 2438242, has a period of
52.8±0.4 d. This star was not targeted during the nominal Kepler mission, and this rotation period
is a new discovery. However, all three long-period rotators are on the red giant branch, meaning
that their masses will not be compatible with the period-age-mass relation. These stars are still of
interest for studies of surface rotation in red giants, such as Ceillier et al. (2017). These stars present
additional interest because none of them show solar-like oscillations, prompting questions about the
mechanisms by which these stars are rotating. This could also suggest close binarity, as in Gaulme
et al. (2014).
We did not find any long-period rotators on the main sequence of NGC 6791. Our method of light
curve processing uses high-pass filtering to reduce the effects of instrumental drift, which may also
filter out extremely low-frequency oscillations, in the range where we expect to find surface rotation
in NGC 6791. It is likely that more rotators could be discovered using autocorrelation methods,
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Figure 5.1: CMD for NGC 6791, using Gaia photometry, with interesting variable stars discussed
throughout this section marked.
100 CHAPTER 5. IMAGE SUBTRACTION PHOTOMETRY: RESULTS
Figure 5.2: Amplitude spectra displaying surface rotation in three stars in NGC 6791.
such as in previous studies. The high-precision cluster light curves resulting from this study may
prove valuable to more extensive gyrochronology studies.
We detected 8 signals among main-sequence stars (and one potential blue straggler close to the
main sequence, discussed in Section 5.1.4) that appear to be evidence of surface rotation due to
the presence of a spot, however these signals are at higher frequencies than is typical for cool main
sequence stars in NGC 6791. We have KIC temperatures for 6 of these stars, which place 5 of them as
G dwarfs, and one as a K dwarf, all of which are certainly in the range considered by Meibom et al..
We classify these signals as rotation based on several criteria. They are relatively low amplitude,
regardless of magnitude, which suggests that they are not due to the potentially large fluctuations
in brightness that are typical of ellipsoidal variables. We also inspect their phased light curves on
the period of the highest peak and find irregular patterns that show neither eclipsing nor ellipsoidal
variation. We show a selection of these stars in Figure 5.3. One of these stars was partially targeted
during the nominal Kepler mission; none of them are noted as exhibiting any variability.
There are several possible explanations for the presence of these rapid rotators in the cluster.
These stars may not actually be cluster members. It is possible, though unlikely, that field stars in the
Kepler superstamps have similar proper motions to cluster members, and as such are erroneously
flagged as members by the process outlined in Section 4.6. Such stars in the foreground would
typically be caught by our lower bound distance cut, but it is possible to find background stars that
have similar proper motions. However, none of these anomalously fast rotators are at distances that
unambiguously qualify them as background stars, so this cannot be conclusively stated. Though we
vet for blended signals, it is also possible that these stars are contaminated by nearby bright targets.
If a contaminating star is bright enough, there may be no discernible difference between its signals
in surrounding pixels. Another explanation is that some of these signals could be due to binarity,
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Figure 5.3: Left panel: phased light curves of rapid rotators found in NGC 6791, replicated and
binned with 100 bins per phase. Right panel: corresponding amplitude spectra, ordered by the
highest amplitude peak visible.
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and there is another cause for the unusual light curves.
5.1.2 Binary stars
By far the largest yield of new variable sources in this study has been from signals of binarity.
We detect 67 binary targets; only four of these were targeted for all 17 quarters of the nominal
Kepler mission, while 14 were partially targeted. We classify these binaries into two broad subtypes:
eclipsing and ellipsoidal. Eclipsing binaries are clear from their light curves, and show a series of
narrow peaks and harmonics in frequency space. Ellipsoidal binaries are systems that are so close
they are tidally distorted, causing roughly sinusoidal variation in brightness. They may also exhibit
eclipses, depending on their inclination.
Several eclipsing binaries in this cluster have been extensively studied: KIC 2437452 (also known
as V20) has been modelled to find cluster ages (Grundahl et al., 2008), along with KIC 2437149
(V18) and KIC 2438061 (V80) (Brogaard et al., 2011). Brogaard et al. find no conclusive age
from KIC 2438061; by modelling, KIC 2437452 and KIC 2437149 they find a cluster age of 7 Gyr.
Further modelling by Brogaard et al. (2012) finds an age of 8.3 Gyr. KIC 2437452 and KIC 2438061
are not included in our catalogue, perhaps due to the eclipsing binary completeness issues covered
in Section 4.6. Additionally, we do not detect signal in the amplitude spectrum of KIC 2437149,
perhaps due to its low magnitude (G=17.49) and high crowding.
A fourth well-studied eclipsing binary is KIC 2438249 (V106) (Brogaard et al., 2018). This star
is also a blue straggler. We would expect to detect binarity in KIC 2438249 at 1.4463 d, but we do
not, perhaps due to the presence of newly-detected stellar oscillations at surrounding frequencies:
we will discuss KIC 2438249, among other blue stragglers, in Section 5.1.4.
We have provided high-precision light curves for 9 eclipsing binaries, which can be further studied
to increase the robustness of cluster age estimates. These are shown in Figure 5.4. Four of these
stars are already known, and partially targeted: we provide extra data for these, increasing the
signal-to-noise ratios of our detections. We also find that, when phased on the period corresponding
to the eclipse, four of the binaries show sinusoidal variation synchronised with the period of the
eclipses. Four more of the eclipsing binaries show sinusoidal variation that is not synchronised with
the eclipses; one shows no sinusoidal variation. We expect that this sinusoidal variation is due to
ellipsoidal variability, or a rotating component in the eclipsing binary, which is potentially tidally
synchronised with the binary orbit. Additionally, one of the eclipsing binaries, KIC 2570281, is also
classified as a red giant branch star. We see no evidence of oscillations in this star, which suggests
tidal suppression (e.g. Beck et al., 2018b). KIC 2570281 was already known, but has not been
extensively studied, and we have added to its data with 5 additional quarters.
We found 57 ellipsoidal variables of varying amplitudes; a selection of those with the highest
signal-to-noise ratios are shown in Figure 5.5. Among these are KIC 2569935, a potential hierar-
chical triple which also exhibits solar-like oscillations (Section 5.1.3), and KIC 2438324, a pulsating
subdwarf star (Section 5.1.5). Though KIC 2438324 is already well-known (Pablo et al., 2011),
these stars are nevertheless important finds, as we can provide age and mass estimates from both
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Figure 5.4: Top left and right: sections of the light curves of the 9 eclipsing binaries found in
NGC 6791, ordered by the longest period present in the amplitude spectrum. Bottom left: phased,
replicated, and binned light curves, using 100 bins per phase. Note that depending on noise levels, the
eclipses can either be seen better in the normal or phased light curves. Bottom right: corresponding
amplitude spectra. Note that due to scale, the third through sixth eclipsing binaries appear to have
the same period, though their phase curves show that they are indeed different.
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Figure 5.5: Left panel: phased light curves of seven example ellipsoidal binaries found in NGC 6791,
replicated and binned with 100 bins per phase, and ordered by period. Right panel: corresponding
amplitude spectra.
asteroseismology and binary modelling, to help test the robustness of either method.
5.1.3 Solar-like oscillations
We classified 88 stars in NGC 6791 as exhibiting red giant oscillations, and a further 8 as potential
weak detections, which are likely oscillating giants in crowded fields with signal that is too diluted
to be of use. Note that we do not detect oscillations in all the stars on the red giant branch (RGB)
in this cluster. Many of these stars display granulation, but no solar-like oscillations. We focus only
on the stars which show oscillations in this section. Of these stars, 29 show oscillations with a visual
νmax around ∼30 µHz, and 25 of them lie in the red clump on the CMD, making them likely red
clump (RC) giants, pending further mode analysis for confirmation.
A series of example red giant amplitude spectra, ordered by νmax, is shown in Figure 5.6. Two of
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the red giants, KIC 2437171 and KIC 2438421, are semiregular variables (SRVs), slowly oscillating
M giants. These two stars appear at the top right of the CMD in Figure 5.1 are shown in Figure 5.7.
Both of these were targeted for 17 quarters by Kepler , and as such our data provides no substantial
improvement.
The majority of oscillating red giants detected in this study were also targeted by Kepler for
long cadence data: 61 of the 88 definite detections, and 3 of the 8 faint detections, were targeted for
all 17 quarters. A further 25 of the 88 definite detections were partially targeted, with from 4 to 13
quarters of long cadence data made available. We have been able to provide 17 quarters of data for
these stars, in many cases seeing improvements in the resolution of oscillation modes. Finally, we
find 8 oscillating red giants for which there is no long cadence data. Five of these are faint detections
and may not prove useful, but two of them are definite detections, which can be added to future
analysis of red giants in NGC 6791.
We found four signals of surface rotation on the red giant branch. Three of these are the long-
period rotators covered in Section 5.1.1; the fourth is KIC 2437077, which rotates with a period of
1.622±0.0005 d. This short period suggests a star with a high ∆ν (Ceillier et al., 2017); indeed, we
see no oscillations below 283 µHz, and KIC 2437077 is very low on the RGB in Figure 5.1. The
effectiveness of gyrochronology is limited to cool main sequence stars, but these stars are still of
interest. It is noteworthy that we did not observe solar-like oscillations in any of the rotating RGB
stars. Similarly, we find no correlation between rotation period and evolutionary state: KIC 2437077
and the longest-period rotator, KIC 2438242, are both at the base of the RGB, whereas the other
two stars are more evolved.
There have been many studies of red giants in NGC 6819, which we will touch on in Section 5.2.3;
fewer have focused on NGC 6791. Of these, Basu et al. (2011) include 34 oscillating giants, Hekker
et al. (2011a) include 46, and Stello et al. (2011b) and Miglio et al. (2012b) include 69. These
studies all obtain seismic parameters for oscillating giants, demonstrating their importance for un-
derstanding cluster age, composition, and memberships. More recently, Villanova et al. (2018) have
used radial velocity measurements of red giants in NGC 6791 to determine the cluster’s metallicity.
Our sample provides no major improvement on these studies; in fact, the Stello et al. study includes
two additional stars which are not in our catalogue. Corsaro et al. (2012) further identify several
interesting targets: KIC 2437103 and KIC 2437589 were initially misclassified in membership studies
due to their unusual CMD positions, but these stars are included in our catalogue, and we observe
solar-like oscillations in both, as well as in KIC 2436417 and KIC 2437804, which Corsaro et al.
identify as RC stars.
Tofflemire et al. (2014) also look at evolved stars in NGC 6791, focusing on the end of the RGB,
the RC, and blue stragglers. Of the stars common between our studies, we find that KIC 2437040
and KIC 2436944 are in the RC, and KIC 2437171 is a SRV. We also find that one of their observed
evolved red giants, KIC 2437762, is an ellipsoidal variable. Tofflemire et al. find the red giant binary
fraction in NGC 6791 to be 6.2%. Defining the RGB as any stars with B−R>1.25 and G<17.25,
we update this estimate to 5.8%, based on our detection of 15 binaries on the RGB. We impose
the G magnitude cut to disinclude four binaries which lie distinctly below the RGB, summarised in
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Figure 5.6: Amplitude spectra of seven oscillating red giants in NGC 6791, ordered by νmax. Each
plot is annotated with the target’s Gaia G magnitude, to emphasise the stars’ ordering on the CMD
in Figure 5.1.
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Figure 5.7: Amplitude spectra of the two semiregular variables (SRVs) detected in NGC 6791.
KIC ID KIC Teff (K) G mag B−R Period (d)
2437060 4500 17.019 1.584 0.7972±0.0002
2438685 4200 17.271 1.635 7.79±0.01
2568864 4400 17.610 1.575 14.41±0.04
2569334 4600 17.473 1.388 6.253±0.007
Table 5.2: RGB outliers in NGC 6791, all of which exhibit binarity.
Table 5.2. As these are evident RGB outliers, but nevertheless are highly likely cluster members,
we assume they are merger products.
We note that there is only one star in our sample which appears to show both solar-like oscillations
and binarity: KIC 2569935 is a noted oscillating red giant with a close binary companion (Colman
et al., 2017), a likely hierarchical triple system. Finding more such stars would be greatly useful
in calibrating the asteroseismic scaling relations; Miglio et al. (2012b) suggest that red giants with
independent masses from binary modelling would be particularly useful for these purposes.
Despite the fact that much of this ground has previously been covered, the large yield of oscillating
giants from this cluster definitively shows that image subtraction photometry is ideal for recovering
signals of solar-like oscillation in crowded fields.
5.1.4 Blue stragglers
With reference to the CMD in Figure 5.1, we identify 69 stars in NGC 6791 as potential blue
stragglers, based on a magnitude limit of G<17 and a colour limit of 0.5<B−R<1.3. The binary
fraction of blue stragglers in NGC 6791 is found by Tofflemire et al. (2014) to be 50%. We find
binarity in 13 of our potential blue stragglers. This discrepancy is likely due to our larger sample
size; the Tofflemire et al. sample consisted of 8 confirmed blue stragglers, and 3 candidates.
In addition to binary stars, we find one signal of stellar surface rotation among the blue stragglers.
This is in KIC 2437849, a G star that was targeted for 4 quarters during the nominal Kepler mission.
Gaia photometry places this star on the cool end of our loosely defined blue straggler sequence,
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Figure 5.8: The image subtraction light curve of KIC 2438249, phased on the period of the ellipsoidal
variations, 1.4468±0.0003 d. The phased light curve is binned into 1,000 (grey) and 100 (black) bins.
however its period of 11.01±0.02 d is anomalously short for a cool main sequence star in NGC 6791.
It is possible that the KIC temperature for this star is incorrect, and that this star is a potential
target for future studies of gyrochronology outside the cool main sequence.
Perhaps our most interesting find among the blue stragglers is KIC 2438249. This star, also
known as V106, is a known ellipsoidal binary (Tofflemire et al., 2014, Brogaard et al., 2018). In
Figure 5.8, we show a phased light curve exhibiting this ellipsoidal variation. We also recovered
γ Doradus oscillations from this star, and high frequency peaks which could be hybrid δ Scuti
pulsations, shown in Figure 5.9. In this figure, signals of ellipsoidal variation are visible around 8
and 16 µHz. We found no evidence of contamination. By identifying this star’s γ Doradus modes,
a process illustrated in Figure 5.10 and further outlined in Li et al. (2019), Gang Li calculated a
near-core rotation rate of 0.651±0.004 cd−1. This near-core rotation rate is highly similar to the
orbital period of the binary, 0.6912±0.0001 cd−1. This suggests that the γ Doradus star is a tidally
synchronised component of the binary. This star also exhibits amplitude modulation, likely due
to the presence of a spot; its inclusion in Reinhold & Gizon (2015) suggests this may be the case,
though we do not detect rotation in the amplitude spectrum.
5.1.5 Compact pulsators
As NGC 6791 is an old cluster, we expect to find several stars that have evolved beyond the red giant
phase, onto what is known as the horizontal branch. These stars are undergoing Helium fusion in
the core, and can pulsate in distinct ways. One such pulsation profile is the subdwarf B (sdB) class,
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Figure 5.9: Top panel: a section of the light curve of KIC 2438249. Bottom panels: amplitude spectra
showing γ Doradus oscillations and high frequency signal in known eclipsing binary KIC 2438249.
Note the signals of ellipsoidal variation around 8 and 16 µHz. Also note the different y scales of
each bottom panel.
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Figure 5.10: Top panel: A periodogram of some of the γ Doradus modes in KIC 2438249, showing
identified and predicted mode locations. Bottom panel: the period spacing between modes, following
a trend expected of γ Doradus stars. Image credit: Gang Li.
so named for consisting of luminous B stars which are on the extreme horizontal branch (EHB), or
subdwarf sequence. EHB stars are hotter than main sequence stars, and therefore bluer; however,
they are less luminous than red giants, as they have lost their outer convective layers, placing them
in the lower left corner of the CMD in Figure 5.1. This is not to be confused with the blue horizontal
branch (BHB), a term which describes stars that fall between the red giant branch and the blue
straggler main sequence. Studies of suspected BHB stars in NGC 6791 (Brogaard et al., 2012,
Tofflemire et al., 2014) have concluded that they were either non-members or in fact misclassified
blue stragglers. Indeed, we observe few such stars in our sample.
We do, however, find three EHB stars in our sample. One of these is the well-studied sdB star,
KIC 2438324. We recover signals of sdB pulsation from this star. KIC 2438324 is analysed in detail
by Pablo et al. (2011), who also note that the target is a binary, with a period of 0.3885d. We
confirm this finding. We find oscillations in KIC 2438324, shown in Figure 5.11, which are one tenth
the amplitude of the peak indicating binarity; nevertheless, using pixel amplitude spectrum analysis,
we are confident that these signals come from the same target. The drastic difference in amplitude
also indicates that these peaks are not harmonics of the binary signal, as does their irregular spacing.
KIC 2438324 was targeted in short-cadence mode for 12 quarters during the nominal Kepler mission,
and as such, we cannot add precision to the measurements in Pablo et al. (2011). However, one
reassuring result from this star, which was also targeted for 12 quarters in long-cadence mode, is that
our long-cadence data provides substantial improvement to the light curve, as shown in Figure 5.12.
We find two other stars on the EHB in NGC 6791, KIC 2297488 and KIC 2569407. We find
no evidence of sdB pulsations in either of these stars, however we do find that both are in binary
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Figure 5.11: Amplitude spectra showing sdB oscillations in the compact binary KIC 2438324.
Figure 5.12: Light curve for KIC 2438324, an sdB star, with the image subtraction pipeline in black
and Kepler long cadence data in blue. Both time series were processed using the same methods.
Dotted red lines indicate quarter boundaries.
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systems. KIC 2297488 is a compact binary, with a period of 1.4851±0.0003 d. KIC 2569407 shows
faint signals of binarity, as it is a magnitude 17 star in a crowded region. However, as we vetted
all signals in this study for contamination, we are confident that this signal is from KIC 2569407.
The fact that all three of these stars are in binaries supports the theory that binarity accelerates
stellar evolution, due to mass transfer precipitating an expedited red giant phase. There are also
white dwarfs in NGC 6791, studied in great depth in Kalirai et al. (2007) and García-Berro et al.
(2011). However, these stars are not included in our sample, as the majority of them are not in the
KIC, likely due to their faint apparent magnitudes (V > 21). This makes it unlikely that we could
perform photometry on these targets, even using Gaia positions to locate them on the superstamps.
5.1.6 Data anomalies and artefacts
In 21 oscillating red giants, we found a narrow peak, often with harmonics, present at 4.026±0.002µHz.
A selection of seven stars exhibiting this peak are shown in Figure 5.13. This peak also appears in
eight other stars, one of which is a non-oscillating K giant, and the others of which are main se-
quence G and F stars. The cause of the artefact does not appear to be contamination: the stars are
scattered across the cluster, and none of them share detector columns in common. There are several
other stars with narrow peaks at similar frequencies, but when examining their phased light curves,
they appear to show binarity, so we include them in the sample referenced in Section 5.1.2. We note
that this artefact is unique to NGC 6791, and that it also appears in Kepler SAP data for several of
these red giants which were targeted during the nominal Kepler mission, which suggests it is due to
an instrumental effect. The Kepler Data Characteristics Handbook (Van Cleve & Caldwell, 2016)
provides an explanation: two of the guide stars used for instrumental calibration from quarters 0–2
were variable, after which they were replaced with non-variable stars. One of these variable guide
stars is an intrinsic variable with a period of 2.9 d, or ∼3.99 µHz. Indeed, closer inspection reveals
that this signal is only present in the first three quarters (0–2) for the affected targets, meaning that
this variable is the source of the anomaly. It does not appear that the presence of the anomaly has
diluted the signal detected in any of these stars; nevertheless, for future studies of affected targets,
we recommend using quarters 3–17.
5.2 NGC 6819
NGC 6819 is an old open cluster, though nevertheless much younger than NGC 6791, of 2.38±0.05 Gyr
(Brewer et al., 2016). It has close to solar metallicity, −0.02±0.01 dex (Slumstrup et al., 2019).
There have been many studies of NGC 6819 that focus on its diverse population of oscillating stars,
binaries, and surface rotators, which we will discuss throughout this section.
We produced light curves for 1,247 members of NGC 6819. Among the 236 variable stars we have
detected binaries, surface rotators, solar-like oscillators, and three each of γ Doradus and δ Scuti
pulsators. We show a summary of variability in NGC 6819 in Table 5.3, and visualised on a CMD
in Figure 5.14. In this cluster, we count stars with either 14 or 15 quarters of Kepler long-cadence
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Figure 5.13: Amplitude spectra of seven stars displaying the data anomaly outlined in Section 5.1.6.
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Fully targeted Partially targeted Not targeted Total
Rotators 3 4 17 24
Binaries 13 30 106 149
Oscillating red giants 49 3 6 58
Other oscillators 1 1 4 6
Non-variable 31 114 868 1,017
All 96 151 1,000 1,247
Table 5.3: A summary of variability in NGC 6819. Note that one star is included as both an
oscillating red giant and a binary.
data available as “fully” targeted, because there are only 14 quarters of superstamp data available
(1–5, 7–9, 11–13, and 15–17), but some targets that fall on the superstamp were also targeted for
quarter 0 in long-cadence. In the following sections, we will summarise the variety of variable stars
found in NGC 6819, and give a brief overview of some data anomalies.
5.2.1 Rotation
Meibom et al. (2015) give the expected range for cool main sequence surface rotation in NGC 6819
as ∼5–25d, or ∼0.46–2.31µHz. We find 13 stars that rotate in this range, only four of which were
partially targeted during the nominal Kepler mission. The other 9 stars were not targeted. A
selection of amplitude spectra showing a range of periods is shown in Figure 5.15. Four of these
stars are F stars, placing them at the high end of the temperature range for which we can expect to
be able to perform gyrochronology.
Similarly to NGC 6791, we found 11 stars which appear to show signals of rotation that are
shorter than the expected range. Ten of these stars have distances that fall within the expected
range for the cluster; one is potentially a background star. One of these stars is a blue straggler, and
will be discussed in more detail in Section 5.2.5. We found no red giant branch rotators among the
remaining 10 stars; 6 of the main sequence rapid rotators have KIC temperatures indicating that
they are F stars, and the other 4 are hot G stars. This suggests that they are unlikely to follow the
Meibom et al. (2015) period-age-mass relation for cool main sequence stars, and thus their rapid
rotation is not troubling.
Meibom et al. (2015) included 30 members of NGC 6819 in their study of rotation in the cluster.
Of these, 19 stars were also included in our study. We detected no signal in the majority of these
targets; we classified two of them — KIC 5023899 and KIC 5112499 — as rotational variables,
though we detected the same period in both of these stars, which is different to the periods given by
Meibom et al.. This suggests the peaks we have detected may be a data anomaly similar to the one
outlined in Section 5.1.6. We classified another of the Meibom et al. rotators, KIC 5111939, as a
compact binary, due to the narrowness of the peak of variability in its amplitude spectrum. Except
in the case of KIC 5111939, we do not question any of the Meibom et al. detections. One possible
reason for our lack of detections is that the rotational signal was lost due to high-pass filtering. The
deficit of rotators detected in this analysis underscores the importance of further studies of cluster
member light curves, such as searching for rotational signal in unfiltered light curves, and working
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Figure 5.14: CMD for NGC 6819, using Gaia photometry, with interesting variable stars discussed
throughout this section marked.
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Figure 5.15: Left panel: phased light curves for a selection of rotators in NGC 6819, binned by 100
bins and replicated for clarity. Right panel: corresponding amplitude spectra.
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with different methods of removing systematics which nevertheless retain long-period signal.
5.2.2 Binary stars
A wide range of binaries in NGC 6819 have been explored across various studies. Talamantes et al.
(2010) searched for variable stars in NGC 6819 using ground-based radial velocities and photometry.
They identified 11 members as eclipsing binaries, and one as a triple system, KIC 5023948. They
also noted that the eclipsing binary KIC 5024077 was a potential triple system. KIC 5024077 was
also studied in detail by Sandquist et al. (2013), who found it to be an eclipsing binary with a long
period of 771.8 d. In fact, only two primary eclipses were observed over the length of the four-year
Kepler time series, in quarters 4 and 9. This star is not included in our sample, likely due to the Gaia
DR2 completeness issue with eclipsing binaries, as outlined in Section 4.6. Of the 12 binaries and
potential triples studied by Talamantes et al. (2010), 8 were included in our study. We confirmed
this identification for 4 of them, including two which Talamantes et al. flagged as potential blends,
KIC 5024146 and KIC 5024292. We did not detect any evidence of blending for these targets. Of the
remaining 4 eclipsing binaries in their study, we classified three as ellipsoidal variables (KIC 5024624,
KIC 5112407, and KIC 5112759). We also identified the final star, KIC 5112843, as a likely high-
amplitude δ Scuti pulsator, which will be discussed in further detail in Section 5.2.4.
The extensive study of variability in NGC 6819 by Balona et al. (2013b) identified 11 targets
as potential eclipsing binaries, and a further four stars as exhibiting eclipses that may point to the
presence of an exoplanet companion. Unfortunately, none of these four stars were included in our
member catalogue, so we could not confirm their status. Of the 11 potential eclipsing binaries, four
were in our catalogue, and we found evidence of eclipsing binarity in three of them: KIC 5023948,
KIC 5112741, and KIC 5113053. The latter of these was also studied by Jeffries et al. (2013), who
combined radial velocity measurements with 11 quarters of Kepler data to show that KIC 5113053
is in fact a triple system.
Milliman et al. (2014) performed a spectroscopic survey of NGC 6819 to search for binaries.
They found 93 single- and double-lined spectroscopic binaries, 26 of which overlap with our cata-
logue. Interestingly, 9 of the single-lined spectroscopic binaries they recovered are host to red giant
oscillations. One of these, KIC 5024476, is a Kepler Object of Interest (KOI-5116), though it was
later classified as a false positive. We noted evidence of potential variability at 3.99 µHz, but as
this region of the amplitude spectrum is dominated by red noise from granulation, we could not say
for certain whether this signal is contamination or otherwise. We found signals of binarity in the
amplitude spectra of a further six of the Milliman et al. targets, one signal of surface rotation (Sec-
tion 5.2.1), and we classified another of their targets as a γ Doradus star (Section 5.2.4). Milliman
et al. further found the main sequence binary fraction for binaries with a period of less than 1,000
days to be 22%.
As eclipsing binary systems can be modelled very precisely to recover their masses, which can then
be used alongside isochrones to determine age, binary systems in clusters are of particular importance
to reduce the uncertainty on cluster age measurements. Using KIC 5113053, Jeffries et al. (2013)
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found an age of 3.1±0.4 Gyr, which is consistent with the age of the cluster, though on the higher side.
Sandquist et al. (2013) modelled KIC 5024077 to find an age of 2.62±0.25 Gyr. Brewer et al. (2016)
combined the measurements from these two probable triple systems, and included a third potential
triple, KIC 5023948, to find an age of 2.38±0.05 Gyr. We anticipate that such measurements can
be further refined with the addition of the 12 new eclipsing binaries recovered in this study. We
found 149 signals of binarity among the members of NGC 6819. This is an extraordinary amount of
binary stars, over 10% of the sample, an unusual number for both open cluster members and signals
detected in the frequency domain. We have ruled out contamination as the likely cause for any of
these signals. Eleven of these stars were targeted for a full 14 quarters, with a further 30 being
partially targeted. The majority of new binary finds in NGC 6819 were not targeted nor previously
known; in many cases, this is because their variation is low amplitude, presumably due to dilution.
The majority of these signals are from ellipsoidal or contact binaries; we show a selection of these
in Figure 5.16. We found 12 eclipsing binaries, some of which are shown in Figure 5.17. Only 5 of
these were targeted.
5.2.3 Solar-like oscillations
There have been many studies of solar-like oscillations in NGC 6819. At the very beginning of the
Kepler mission, Stello et al. (2010) used the first 34 days of Kepler data to study oscillating red
giants. Stello et al. extracted seismic parameters, which they then used to update the NGC 6819
membership study by Hole et al. (2009), demonstrating the utility of a “seismic CMD,” with the
amplitude of a radial mode plotted against B−R photometry. Further studies by Basu et al. (2011)
analysed 21 of these red giants, mostly concentrated towards the end of the red giant branch, to
constrain the age of the cluster. Hekker et al. (2011b) expanded this sample to 42 oscillating red
giants, and later Stello et al. (2011b) included 54 red giants. Handberg et al. (2017) analysed 50
oscillating red giants in the cluster, showing that δν02 can be used to distinguish between RGB and
RC stars.
As mentioned in Section 5.1.3, Corsaro et al. (2012) also studied red giants in NGC 6819. We can
confirm the presence of solar-like oscillations in a further one of their misclassified stars, KIC 5024404.
We also detected oscillations in the new cluster member observed by Komucyeya et al. (2018),
KIC 5112840, which was noted by Milliman et al. (2014) as a single-lined spectroscopic binary.
We found 58 oscillating red giants in NGC 6819. A sample of these are shown in Figure 5.18.
Seven of these stars have signals consistent with red clump stars, based on a visual νmax around
∼30 µHz. Inspecting these stars on a CMD shows that three of them are cluster outliers (discussed
below), and one lies outside the expected red clump, leaving four potential RC stars. Nevertheless,
such a low number of clump giants is expected compared to the great number found in NGC 6791, as
NGC 6819 is a much younger cluster. We also found three SRVs (shown in Figure 5.19) among these
stars, one of which, KIC 5200223, was not previously known. This star, and five other oscillating
red giants, were not targeted at all during the nominal Kepler mission. The majority of oscillating
giants were targeted, with 21 of them having 15 quarters of data. A further 28 oscillating giants
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Figure 5.16: Left panel: phased light curves for a selection of ellipsoidal binaries in NGC 6819,
binned by 100 bins and replicated for clarity. Right panel: corresponding amplitude spectra.
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Figure 5.17: Left panel: sections of the light curves for a selection of eclipsing binaries in NGC 6819.
Right panel: corresponding amplitude spectra.
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KIC ID KIC Teff G mag B−R
5023951 5100 14.65 1.38
5024035 4700 15.01 1.52
5024290 4800 15.29 1.48
5024516 5200 15.28 1.33
5024571 4700 14.24 1.50
5024773 4600 14.34 1.65
5025060 – 14.14 1.60
5113253 500 15.09 1.41
5200085 4800 15.54 1.41
5200223 4500 14.16 1.67
5024041 6000 15.92 0.96
Table 5.4: Red giant outliers in NGC 6819. The final star in this table, KIC 5024041, is observed
to be on the main sequence.
were targeted for 14 quarters, the maximum available from the NGC 6819 superstamps, with three
others targeted for 12, 4, and 3 quarters respectively.
We found that 10 of these oscillating red giants, including the new SRV KIC 5200223, lie signifi-
cantly beneath the red giant branch in the cluster CMD. We found no evidence of contamination in
any of these targets. Closer inspection showed that these were likely not to be members. Although
their proper motions are highly correlated with the cluster, the lower bound uncertainties on their
distances suggested that they were all background stars. These stars were mistakenly included in
the membership database as we only imposed a minimum distance for membership, excluding fore-
ground stars. It is generally unlikely that we will observe many background stars in a crowded field
such as a cluster. However, it is unsurprising that red giants were detected in the background, given
that they are particularly luminous stars. It is nevertheless an important result to have time series
data for these stars, as they will doubtlessly be of use in other studies, particularly KIC 5200223.
Additionally, none of these stars were targeted during the nominal Kepler mission, except for one,
which was only targeted for three quarters. This suggests that these stars were not previously known
oscillating red giants; their accidental inclusion in the membership catalogue and our subsequent
serendipitous discovery of solar-like oscillations
Another of our oscillating giants, KIC 5024041, lies on the cluster main sequence in Figure 5.1.
This star has a distance lower bound consistent with cluster membership. We find no evidence of
contamination in this star, and as such it is included in our category of solar-like oscillators. It is
likely there is an error in its Gaia colour photometry, or its KIC temperature of 5,951 K, perhaps due
to a binary companion. A summary of the eleven outlier solar-like oscillators is given in Table 5.4.
5.2.4 Classical pulsators
NGC 6819 is host to significantly more classical pulsators than NGC 6791. We summarise these stars
in Table 5.5. We found three stars exhibiting γ Doradus oscillations (Figure 5.20), and three with
δ Scuti oscillations (Figure 5.21). Classical pulsators in NGC 6819 have been extensively studied,
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Figure 5.18: Amplitude spectra of seven red giants found in NGC 6819, ordered by νmax. Each plot
is annotated with the target’s Gaia G magnitude, to emphasise the stars’ ordering on the CMD in
Figure 5.14.
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Figure 5.19: Amplitude spectra of the three semiregular variable (SRV) signals found in the
NGC 6819 superstamp, including KIC 5200223, which is likely not a cluster member.
KIC ID KIC Teff G mag B−R Classification
5024468 – 12.91 0.56 δ Scuti, BS
5112843 6100 15.43 1.02 possible δ Scuti
5113357 7000 14.63 0.55 δ Scuti, BS
5024084 6400 14.68 0.74 γ Doradus, BS
5024455 6800 14.76 0.67 γ Doradus, BS
5025047 – 18.27 0.25 γ Doradus
Table 5.5: Classical pulsators in NGC 6819.
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Figure 5.20: Amplitude spectra of three γ Doradus oscillators in NGC 6819.
particularly by Balona et al. (2013a). They detected 7 δ Scuti pulsators, none of which are on
the superstamps, and three γ Doradus stars, two of which are not on the superstamps. The third,
KIC 5024455, is included in our catalogue, and we confirm the presence of γ Doradus oscillations. Of
the remaining γ Doradus stars, Gang Li has confirmed the status of KIC 5025047 using periodogram
analysis, and the other, KIC 5024084, remains a likely γ Doradus pulsator.
One of the δ Scuti oscillators we detected, KIC 5024468, was previously identified by Talamantes
et al. (2010). We provide two new δ Scuti oscillators. KIC 5112843, in the top panel of Figure 5.21,
was noted by Talamantes et al. as a contact eclipsing binary. However, we suggest instead that the
star is a high-amplitude δ Scuti (HADS). These stars are relatively rare; several have been noted in
the Kepler field (Balona et al., 2012, Ulusoy et al., 2013, Yang et al., 2018, Yang & Esamdin, 2019).
They are distinguished by their high-amplitude variability, and high-frequency variation visible even
in the light curve, as shown in Figure 5.22. The KIC gives the effective temperature of KIC 5112843
as 6100 K, which would be too low for a δ Scuti; we suggest that this temperature may be incorrect,
or alternatively this star was erroneously identified as a cluster member. Our final δ Scuti detection,
KIC 5113357, is a bright star (G=12.79) which has not previously been studied.
Interestingly, four of these stars are blue stragglers. As blue stragglers tend to be hotter stars, it
is not surprising that we detect classical pulsators among them. However, in previous studies of this
cluster, only two of these stars are presented as being classical pulsators, and as such it is exciting
to discover more here.
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Figure 5.21: Amplitude spectra of three δ Scuti oscillators in NGC 6819.
5.2.5 Blue stragglers
We define the blue straggler population in NGC 6819 to fall at magnitudes G<15 and colours
B−R<0.78 on the CMD in Figure 5.14. This includes 12 stars, summarised in Table 5.6. The
four classical pulsator blue stragglers are described in Section 5.2.4. We also find four signals of
binarity, and one rotational variable. The rotational variable KIC 5025153 is an A star, with a KIC
temperature of 8,900 K. This is much too hot to be of use in existing gyrochronological framework.
As it is a bright star (G=12.89), it was targeted for 15 quarters during the nominal Kepler mission,
and our data provide no significant improvement.
The blue straggler population in NGC 6819 was studied extensively as part of the Hole et al.
(2009) membership study. Hole et al. also found 12 blue stragglers, however only 6 of these are
included in our catalogue; we presume that the remaining blue stragglers lie outside the superstamps.
Hole et al. give the γ Doradus pulsator KIC 5024455 as a rapid rotator, but make no comments on
the other 5 blue stragglers in common between our catalogues.
5.2.6 Data anomalies and artefacts
Two light curves in NGC 6819 exhibit high-amplitude brightening behaviour: KIC 5024943 and
KIC 5024808. These stars are within 1′.27 of one another, each near a bright field source, but
the behaviour they display is markedly different. The raw light curves for these stars are shown
in Figure 5.23; in the corrected light curves, the brightening events are largely mitigated by high
pass filtering and outlier clipping. One possible explanation for these brightening events could be
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Figure 5.22: Top: A section of the light curve for KIC 5112843, a possible high-amplitude δ Scuti
star. Bottom: The above light curve phased on the period of the highest-amplitude peak in the
amplitude spectrum, shown in the top panel of Figure 5.21. The phased light curve is binned, shown
with 1000 bins in grey and 100 bins in black, and reduplicated for clarity.
KIC ID KIC Teff G mag B−R Classification
5024084 6400 14.68 0.74 γ Doradus
5024151 7300 14.17 0.59 Binary
5024284 8000 12.97 0.49 Binary
5024454 6200 13.64 0.75 Binary
5024455 6800 14.76 0.69 γ Doradus
5024468 – 12.91 0.56 δ Scuti
5024578 7800 14.30 0.51 –
5024587 7100 13.86 0.69 Binary
5025153 8900 12.79 0.32 Rotation
5112895 6900 14.64 0.51 –
5112910 6400 13.99 0.71 –
5113357 7000 14.63 0.55 δ Scuti
Table 5.6: Blue stragglers in NGC 6819
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Figure 5.23: Raw light curves exhibiting flare-like anomalous brightening events in NGC 6819. The
dashed red lines signify quarter boundaries.
contamination by a nearby X-ray source; Balona et al. (2013b) noted four stars in the NGC 6819
field that are within 5′′ of a known X-ray source, though none of these correspond to these two stars
stars. Platais et al. (2013) list a further 43 potential X-ray sources within the field. It is possible,
though unlikely, that KIC 5024808 is contaminated by XMMU J194216.0+401046.
KIC 5024943 is a cool F star, which exhibits amplitude brightening events in quarters 3, 4, and
15. This star was targeted during the nominal Kepler mission for 11 quarters in long cadence; the
brightening events are not present in this data. This suggests that the artefact is unique to the
image subtraction pipeline. There is also a lower-amplitude brightening event across the boundary
between quarters 2 and 3, which appears to have a higher amplitude when processed using a wider
aperture for photometry: this suggests that this may not be an artefact introduced during image
subtraction, as each quarter is processed individually. These artefacts are not present in any other
stars across either cluster.
The brightening events in KIC 5024808 are present in quarters 3 and 11, with a lower-amplitude
event in quarter 17. Like KIC 5024943, these brightening events are higher magnitude than a typical
stellar flare. The fact that the two large events are in quarters that fall on the same CCD suggests
there could be an instrumental cause to these events; however, as before, we do not observe such
events in any other light curves. These two data anomalies remain unexplained.
5.3 Summary and conclusions
Our aim for this study was to study the many stars in Kepler open clusters NGC 6791 and NGC 6819
that had not been targeted during the nominal Kepler mission. We did this using image subtraction
photometry on the Kepler superstamps, 200x200 pixel TPFs giving a roughly 14′ view of the centre
of each cluster. We focused on stellar variability, using the image subtraction algorithm to highlight
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variable signals, and optimising it for use on these clusters.
We have produced light curves for 1,458 members of NGC 6791, and 1,247 members of NGC 6819,
the majority of which were not targeted during the nominal Kepler mission. We recovered the signals
of over a hundred variable stars in each cluster, and we have shown that image subtraction is highly
suited for performing photometry on variable targets in crowded fields. The key finds of this study
have been a remarkable number of new binaries, particularly in NGC 6819, and including many
among faint stars. We have found four previously unknown classical pulsators in NGC 6819, and
γ Doradus oscillations in a known contact binary in NGC 6791. We have also shown that image
subtraction is suitable for performing photometry on low-amplitude variables, such as oscillating red
giants. Our photometric survey has been highly successful, and we have produced over two thousand
new light curves which we intend to make publicly available once the study has been published, so
that they can be incorporated into future studies of NGC 6791 and NGC 6819.
Chapter 6
Conclusions and Future Work
This thesis presents a series of tools for analysing and understanding variable stars, which were
designed for use in the Kepler field with broad utility in mind. In Chapter 2, we analysed a
population of red giants with anomalous high-amplitude peaks present in their frequency spectra,
implying the presence of a compact binary. We introduced a suite of Python code that allows us to
search for chance alignments in Kepler target pixel file (TPF) data, using diverse methods such as
pixel frequency spectrum analysis and difference imaging. We found that many of the anomalous
red giants were chance alignments between a red giant and a compact binary; however, in many of
the cases, we found they were probable physical associations, implying the existence of a population
of oscillating red giants in hierarchical triple systems. This population is being followed up by
adaptive optics and spectroscopic observations, and we hope that further studies will enrich our
understanding of these stars.
Additionally, the software developed throughout the study of the anomalous red giants could
be of use in further studies of any potentially blended targets across all Kepler and TESS data.
This software has already seen many uses in studying contamination in the Kepler field, including
confirming the association of a rotational signal with a planet hosting star (Section 3.2), and of
binaries with two oscillation components (Section 3.3). We have also used this software to study
a sample of false positive red giants detected by a neural network (Section 3.4). Finally, we have
begun to adapt this software for use on TESS data, work that we feature in a study of high-frequency
δ Scuti stars (Section 3.5). Finding novel ways to distinguish signals in crowded fields is of particular
importance for TESS data, as the light from many stars can be captured within its 21′′ pixels.
Throughout this study, we have used various statistical tools for ensemble studies of stellar
populations. These studies are enabled by large-scale missions such as Kepler , and the tools we
have developed will continue to be applicable to TESS data in the future. We have employed
these statistical tools to study the distribution of anomalous red giants (Section 2.3.4) and potential
exoplanet hosts in the Kepler field (Section 3.1). These methods could be of use in future studies of
stellar populations exhibiting outliers that may be the result of signal blending, such as Zimmerman
et al. (2017). We have also looked at the likely impact of dilution on targets in TESS data, using
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a sample of high-frequency δ Scuti stars (Section 3.5). We have demonstrated the efficacy of a
statistical method for calculating the probability of signal dilution, which works well on bright and
isolated targets, and can be applied to crowded fields in the future.
We have performed image subtraction photometry on the Kepler superstamps of open clusters
NGC 6791 and 6819, studying over a thousand members in each cluster. The superstamps present
four years of coverage for the central 14 arcminutes of each cluster, making up for the fact that
only a fraction of stars in each cluster were targeted for Kepler TPFs and SAP light curves. Since
the launch of the Kepler mission in 2009, this is the first time that many of these stars have been
studied. We recovered variable signals in 174 stars in NGC 6791, and 236 stars in NGC 6819, and
we showed that image subtraction photometry performs effectively for extracting time series data
in crowded regions.
The key new result from both clusters is the discovery of many previously unknown binary
stars. Binaries in clusters can help to further our understanding of stellar evolution and cluster
population dynamics. We found several new eclipsing binaries in each cluster, as well as many
compact ellipsoidal binaries, especially in NGC 6819. Additionally, we have augmented and improved
time series data for many previously-known binaries. We have found several signals of surface
rotation in each cluster. One of the drawbacks of our methods was that high pass filtering is liable
to remove any extremely long period signal, such as the sort you would expect from a rotating star
in NGC 6791. Because of this, we encourage further study of these clusters in the search for rotation,
using different data preparation techniques, and methods such as light curve autocorrelation. We
have now produced light curves for all cluster members, which would be useful in such a rotation
study. Finally, we have recovered many signals of stellar oscillation, including several new classical
pulsators. The majority of stellar oscillations recovered are already known and, in the particular
case of the red giants, very well-studied. However, our detections serve as proof of concept for the
pipeline, showing that it is adept at detecting low-amplitude variability in crowded fields.
As well as studying thousands of cluster members, another key result of this work is the devel-
opment of a pipeline for image subtraction photometry on Kepler data. This pipeline will continue
to be useful and applicable to other crowded field photometry studies, such as the clusters present
in K2 data (Cody et al., 2018) and in TESS , which is covering the whole sky. TESS will provide
us with hundreds open clusters, and other crowded regions such as globular clusters, the Galactic
plane, and the Large and Small Magellanic Clouds.
Throughout this thesis, we have focused on studying variable stars, particularly those in crowded
fields or otherwise subject to contamination. We have developed a suite of tools and software that
have yielded promising results from Kepler data, which we continue to study long after the mission
has ended. We also look forward to the future of variable star studies, by beginning to apply this
work to TESS data, focusing on making the most of the whole sky, especially in the places where
photometry and analysis are the hardest.
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